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ABSTRACT 

Detection of circulating microRNA-based biomarkers represent an innovative, non-

invasive, method for early detection of cancer. However, low concentration of 

miRNAs released in blood, especially in the early-stage disease, and difficult 

localization of the tumor site limited their clinical use as effective cancer 

biomarkers. The amplification of circulating cancer biomarkers mediated by 

ultrasound can potentially overcome these issues, thus advancing the use miRNA-

base biomarkers in clinical setting. This work investigated the potential of an 

innovative ultrasound-based prototype to improve the release of miRNAs in the 

extracellular fluids, with the aim of identifying novel miRNA-based biomarkers to 

be used for prostate cancer diagnosis, as well as for monitoring disease evolution. 

We provided evidence that US-mediated sonoporation amplify the release of 

miRNAs from both androgen-dependent and – independent PCa cells, allowing the 

detection of novel miRNA with potential predictive and prognostic value. 

Moreover, we showed that ultrasound treatment improves drug delivery opening 

the route to new possible therapeutic applications.  

 

 

KEYWORDS: miRNAs, Biomarkers, Prostate Cancer, Ultrasounds. 
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INTRODUCTION 

________________________________________________________ 

PROSTATE CANCER EPIDEMIOLOGY AND RISK FACTORS  

Prostate cancer (PCa) is a highly heterogeneous disease, representing the most 

common cancer with an important impact on men's health.  One of the most 

challenging aspect of prostate cancer is the timing of diagnosis, since the advanced 

disease is often detected after screening or when the metastatic disease is already 

established (Chow et al., 1998). Moreover, the wide range of differences in PCa 

disease evolution - from hyperplasia to lethal castration resistant PCa (CRPC) - 

remains a major problem (Bonaccorsi et al., 2015).  

Most types of PCa are known for their indolent and non-invasive nature, as well as 

for their strict association with age rather than other factors: 50% of men at the age 

of 50 and 80% at the age of 80 have it (Popa et al., n.d.). Epidemiologic studies 

demonstrated that the incidence of PCa is 1.56 times higher in the Black compared 

to the Caucasian population, and there is a lower PCa incidence in Asian countries, 

compared to USA and Europe, due to different diet and lifestyle, thus suggesting 

that PCa is triggered by environmental factors (Knudsen and Vasioukhin, 2010). 

Stress and obesity are additional risk factors and increase both incidence and grade 

of PCa (Bandini et al., 2017; Lv et al., 2019). Genetic predisposition is a significant 

risk factor in PCa development, and genetic alterations of hereditary prostate cancer 

(HPCa)-related genes, such as HPC1/RNASEL, HPC2/ELAC2, AR, as well as 

susceptibility genes, such as BRCA1, BRCA2, and several DNA mismatch repair 

genes, are responsible for the increase of PCa incidence by several folds (Gallagher 

et al., 2010; Noda et al., 2006; Urisman et al., 2012; Xu et al., 1998). Moreover, 
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there is a significant association between PCa risk and single-nucleotide 

polymorphism (SNPs) in genes that encode enzymes involved in the androgen 

pathways, like  5a-reductase-1 and 2, CYP17, CYP3A4, CYP19A1, as well as well 

as in genes involved in estrogen receptor signaling (Hernández et al., 2006; 

Margiotti et al., 2002; Sarma et al., 2008; Suzuki et al., 2005).  

The mechanisms beneath the oncogenic transformation responsible for PCa 

initiation has been widely studied and several possibilities have been considered, 

from dedifferentiation and acquisition of immortality of terminally differentiated 

luminal cells to transformation of basal stem cells that begin to proliferate in an 

uncontrollable manner and constitute the bulk of the tumor featuring a luminal 

phenotype (Lawson et al., n.d.). The number of luminal epithelial cells increases in 

benign prostatic hyperplasia (BPH) but the appearance of columnar cells and 

cytology remain normal (Kristal et al., 2010). While hyperplastic condition is not 

considered a precursor of PCa, prostatic intraepithelial neoplasia (PIN), the in situ 

carcinoma, is considered a premalignant condition characterized by the dysplasia 

of PCa cells located in peripheral regions, accumulation of luminal cells, nuclear 

enlargement and decrease of basal cell layer integrity (Ayala and Ro, 2007). PIN is 

divided in high-grade and low-grade lesions. The transition from high-grade PIN 

lesions to prostate adenocarcinoma is triggered by several morphological changes: 

loss of basal layer, branching morphogenesis, enlargement of nuclei and nucleoli 

characterizing a cytologic atypia. Eventually, invasive epithelial cells proliferate in 

the peripheral zone of prostate gland inducing multifocal lesions (Knudsen and 

Vasioukhin, 2010). Androgen receptors (AR)  are fundamental in the expansion of 

the luminal cell monolayer in PIN and cancer, and chemical castration by ablation 

of androgens usually de-bulks tumors (Huggins et al., 1941). Therefore, even if 

androgen-deprivation therapy (ADT) is initially effective in the majority of men 
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with metastatic PCa, metastatic disease tends to progress to CRPC with a variable 

timeframe (Seruga et al., 2011) (Figure 1).  

 

 

 

 

 

 

Figure 1. Schematic representation of prostate cancer initiation progression and 

advancement (Rybak et al., 2015). 

 

Pathologist Donald F. Gleason developed PCa grading scheme known as the 

“Gleason Score” system, that has been refined recently to better define score 

grading. The grading is based entirely on the tumor growth pattern and architecture.  

Low grade tumors - Gleason Grade 1-3 - maintain organized ductal structures 

surrounded by stroma; high-grade tumors - Gleason Grades 4-5 - are characterized 

by disordered glandular architecture (Gleason and Mellinger, 2017). First Gleason 

grade is assigned to the most predominant pattern in the biopsy, the second Gleason 

grade is assigned to the second predominant pattern. The combination of Gleason 

pattern grading generates 6-10 score that indicate histologic variants and high-grade 

carcinoma (Humphrey, n.d.).  The TNM staging system, that classify primary tumor 

(T), regional lymph node (N), and metastases (M), stratify patients according to the 

areas involved by the tumor. T stage describes 4 main stages of cancer – from T1 

to T4  - and is divided into various subcategories indicating the different localization 
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of the lesions inside the prostate gland: a) T1 stage indicates that cancer is too small 

to be seen on a scan or detected during examination of the prostate; it is divided 

into a, b and c subcategories; b) T2 stage indicates that the cancer is inside the 

prostate gland and it is divided into a, b and c subcategories; c) T3 stage indicates 

that the cancer has broken through the capsule of the prostate gland and it is divided 

into a and b subcategories; d) T4 stage indicates that the cancer is spreading into 

other organs nearby. (N) describes whether the cancer has spread to the lymph 

nodes, and it includes subcategories N0 and N1. M describes the presence of 

metastasis in different parts of the body (M0-M1) defining the distance from the 

original tumor site through subcategories from a to c (Horwich et al., 2013).  

Molecular events involved in PCa initiation and progression have been widely 

explored, and it is now clear that inflammation in the tumor microenvironment 

represents a crucial step: infiltrating immune cells like macrophages and 

lymphocytes induce the activation of IkappaB kinases (IKK)-alpha in prostate cells, 

that, in turn, stimulates proliferation and spread by repressing MASPIN, a 

noninhibitor member of the serine protease inhibitor superfamily (SERPIN) that 

repress cell motility, invasion and metastasis (Ammirante et al., 2010; Dzinic et al., 

2017; Sager et al., 1996). Different epigenetic events are responsible for PCa 

initiation. Hypermethylation of several genes like RASSF1A, RABB2, MDR1, 

APC, and GSTP1 seems to be implicated in PCa development and characterizes 

prostate adenocarcinoma (Enokida et al., 2005; Nelson et al., 2009). Furthermore, 

molecular events - triggered by genetic alterations - promote neoplastic 

transformation: a) up to 70% of PIN lesions and  90–95% of PCa showed the 

decrease of GSTP1 expression, which seems to predispose luminal cells to 

increased oxidative damage, leading to accumulation of genetic changes (Lee et al., 

1994); b) reduced expression of NKX3.1, that is highly expressed in luminal cells 
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and regulates the differentiation in normal prostate tissue, was found  in 85% of 

PCa showing the loss of heterozygosity at chromosome 8p21-22,  and in early stage 

disease, where it is linked to PIN development (Abdulkadir et al., 2002; Bethel et 

al., 2006). Chromosomal rearrangement and overexpression of ETS family 

proteins, such as ERG and TMPRSS2, are recurrent events in PCa that can be 

detected in up to 60% of PCa (Kumar-Sinha et al., 2008) and result in increased 

proliferation and tumor progression (Wang et al., 2008). Alterations in lipid 

metabolism pathway, in particular the overexpression of a-methylacyl-

coAracemase (AMACR) and fatty acid synthase (FASN), are key events that 

promote PIN formation and invasiveness (Luo et al., 2002; Migita et al., 2009). 

Tumors with Gleason grade ≥ 7 – likely characterized by high grade lesions, 

metastasis, and that frequently progress to a lethal form of PCa  –  present a panel 

of typical alterations that could lead to cancer recurrence. Indeed, the loss of PTEN 

is significantly correlated with Gleason and 1/3 of all castration-resistant metastatic 

PCa shows this deletion (Reid et al., 2010; Shen and Abate-Shen, 2007). FOXP3 

results somatically deleted in PCa (Wang et al., 2009) while overexpression of 

SPINK1, that takes place in ETS fusion-negative tumors, is related with cancer 

aggressiveness and reduced progression-free survival (Tomlins et al., 2008). C-

MYC, a transcription factor  involved in cell-cycle and protein biosynthesis, results 

amplified in almost 40% of primary and 90% of metastatic PCa and correlates with 

clinical poor outcome (Ishkanian et al., 2009; Sato et al., 2006). The enzymatic 

component of polycomb repressive complex 2, EZH2,  is prominently 

overexpressed in advanced PCa and its overexpression in localized PCa portends 

towards a poor prognosis (Varambally et al., 2002).  
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The castration-resistance of PCa, that is observed following surgical or chemical 

treatments downregulating AR signaling, represents the ability of cancer cells to 

maintain transcriptionally active AR despite the reduction of circulating androgens 

(Chen et al., 2009). Several mechanisms are responsible for castration-resistance of 

PCa: a) genetic mutations that increase the affinity of AR to progesterone and 

glucocorticoid hormones or that affect AR corepressors and activators, thus 

providing growth advantages to PCa resistant cells (Georget et al., 2002); b) splice 

variants of AR that provide a mechanism for escaping androgen suppression (Dehm 

et al., 2008); c) overactivation of kinases involved in AR phosphorylation, like 

MAPKs, Etk, and Pim1, that  contributes to the transcriptional activity of these 

receptors (Giri et al., 2001; Kim et al., 2010).  

 

PSA SCREENING: STRENGHTS AND LIMITATIONS  

According to The National Cancer Institute (NCI), the ‘biomarker’ is as a biological 

molecule found in body fluids, blood or tissues that can be measured objectively 

and gives indications about the presence of a pathogenic condition. It can be used 

for screening, diagnosis or prognosis, for the evaluation of predisposition in 

developing a disease and for monitoring the response to therapeutic treatments 

(Ilyin et al., 2004). The major goal in this field is the identification of biomarkers 

that are able to detect the early formation of a tumor or metastasis and follow-

through therapy efficacy (Gorges and Pantel, 2013).  

The importance of the Prostate-Specific Antigen (PSA) in PCa screening is 

underscored by the fact that advanced or metastatic PCa was especially found in 

men who did not have regular PSA testing (Ohori et al., 1995). The kallikrein-

related serine protease PSA is produced by the epithelial cells of prostate gland and, 
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although it is present in normal conditions, it results often elevated in PCa (Lilja, 

2008). In blood, PSA exists in its free form (fPSA), representing the 5– 35 % of 

total PSA (tPSA), and in complex with serum protease inhibitors. fPSA exists in 

three forms: pro-PSA, benign PSA (bPSA) and intact PSA (iPSA) (Romero Otero 

et al., 2014).  The percentage of free PSA, calculated as the ratio of fPSA over tPSA, 

was found to be lower in PCa patients, thus allowing a higher specificity in 

detecting cancer in men with high levels of PSA but normal DRE. However, since 

complexed PSA is more stable than fPSA, fPSA is not used as primary screening 

tool (Catalona et al., 1998). One-third of fPSA exists as pro-PSA, the inactive 

proenzyme form of PSA, which is normally cleaved by human kallikrein (hK), and 

it is more likely to be associated with PCa. A specific PSA isoform, characterized 

by a serine-arginine pro-leader peptide, has emerged as a prominent biomarker for 

PCa (Mikolajczyk et al., 2001; Romero Otero et al., 2014).The detection of 

abnormal PSA, that is an organ specific but not cancer specific biomarker, was set 

as less than 4 ng mL-1, with a diagnostic range between 4 and 10 ng mL-1 (Chen 

et al., 2004). Age-specific reference ranges were identified to improve test 

specificity since PSA production from benign epithelium increases with age, thus 

increasing the sensitivity of PSA for cancer detection in younger men, but  reducing 

test sensitivity, even for early-stage  and  curable  disease,  in  older men (Oesterling 

et al., 1995). Thus, some limitations of PSA as PCa biomarker are related to age-

specific PSA production, increased PSA production by benign epithelium, as well 

as the challenge of identifying lymph node and bone metastases. Clinical studies 

showed that PCa progression is possible despite minimal serum PSA elevation, and 

a percentage of patients can develop metastasis in presence of undetectable PSA 

levels (Leibovici et al., 2007) (Figure 2).  
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Figure 2. Challenges and unmet needs in prostate cancer biomarker research (Prensner et     

al., 2012). 

 

NEW DIAGNOSTIC TOOLS IN PROSTATE CANCER DIAGNOSIS 

In attempt to overcome the above-mentioned limits linked to PSA screening, new 

diagnostic tools have been developed to improve PCa early diagnosis. The prostate 

health index (PHI), calculated for each patient as phi= ([-2] proPSA/fPSA) × sqrt, 

is a test that is used in cases of men aged ≥50 years with a normal DRE and PSA 

levels in the range of 4–10 ng/ml. It is used to distinguish between cancerous and 

benign prostatic conditions and evaluate the need of biopsy, in order to improve 

PCa predictors accuracy (Houlgatte et al., 2012). Another interesting PCa 

biomarker, first reported by Bussemakers et al. in 1999,  is the prostate cancer 

antigen 3 (PCA3 or DD3), that is a long non-coding RNA of unknown function 

encoded by a gene located on chromosome 9q21-22 (Bussemakers et al., 1999). 

DD3 is useful for PCa detection since it is not expressed in normal prostate tissue, 

while it is detected in >95 % of the primary and metastatic cases (Sartori and Chan, 

2014). Progensa PCA3 test’ (Hologic), an in vitro amplification test approved by 
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the US FDA in 2012, is carried out in post DRE urine specimens of PCa patients 

and calculate the PCA3 score based on the ratio between PCA3 and PSA RNA 

levels. Scores lower that 25 indicate a reduced possibility of PCa presence (Auprich 

et al., 2011). Non-FDA approved PCa biomarkers are available as Clinical 

Laboratory Improvement Amendments-based laboratory (CLIA) developed tests 

(Cary and Cooperberg, 2013). An example is TMPRSS2-ERG gene fusion test, 

which detect TMPRSS2:ERG rearrangement. Although some reports showed that  

people testing positive to this test had a more aggressive PCa, with higher metastatic 

potential and increased mortality risk (Schoenborn et al., 2013),  some other studies 

did not confirm this correlation (Vlaeminck-Guillem et al., 2010). Due to this 

limitation, TMPRSS2-ERG gene fusion is usually combined with PCA3 evaluation 

(Leyten et al., 2014).  The Oncotype DX PCa test is a multi-gene expression assay 

based on 12 cancer-related genes representing four different biological pathways 

involved in PCa: androgen pathway (AZGP1, KLK2, SRD5A2, RAM13C), 

proliferation (TPX2), cellular organization (FLNC, GSN, TPM2, GSTM2) and 

stromal response (BGN, COL1A1 and SFRP4). The test is developed for formalin-

fixed paraffin-embedded (FFPE) diagnostic prostate needle biopsies containing as 

little as 1 mm of prostate tumor and seems to be a good predictor of aggressive PCa, 

as well as a valuable indicator for  PCa risk stratification (Knezevic et al., 2013). 

Similar tests, based on different technologies (i.e. ConfirmMDx test, Prolaris test, 

4K score test, etc.), have been developed to avoid unnecessary biopsies in low-risk 

patients and lead the clinicians to an easier management decisions (Saini, 2016).  

The research of an ideal biomarker easily detectable in body fluids and not present 

in healthy people ran up against biomarkers intrinsic limitations. Indeed, the idea 

of a single useful biomarker has been replaced more and more by the search for a 

panel of analytes, since variation in a single biomarker is not sufficient to identify 
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disease presence or progression, that usually results from a large number of 

alterations (Califf, 2018). The opportunity to exploit novel potential biomarkers for 

PCa diagnosis has recently emerged. In particular, there is a growing interest in 

PCa-related free miRNAs to be used as diagnostic and prognostic tool, as they could 

overcame most of the challenges of currently used PCa biomarkers.  

 

CIRCULATING MIRNAs AND PROSTATE CANCER 

Blood-based biomarkers are diagnostic and prognostic tools widely used by 

clinicians for evaluation of different diseases, including cancer. Since disease 

establishment and progression involve a large number of processes, the 

identification of clinically-useful and specific biomarkers could be similar to 

“finding a needle hidden in a haystack” (Kumar et al., 2006). Among blood-based 

biomarkers, microRNAs (miRNA), which are stable and easily detectable in body 

fluids like blood and plasma, can potentially be used as noninvasive markers for 

cancer detection (Ganepola et al., 2014).  

MiRNAs are ~22 nucleotide long noncoding sequences of RNA that are located 

across the genome, within an intron or untranslated region (UTR) of coding gene 

(Rodriguez et al., 2004). Pri-miRNAs are transcribed from their genes in longer 

primary transcripts that may be hundreds to thousands of nucleotides in length and 

are processed by two Rnase III proteins - Drosha and Dicer (Lee et al., 2003). 

Canonical and non-canonical miRNA biogenesis pathways lead to the splicing, 

capping and polyadenylation of pri-miRNA and the formation of a functional 

miRISC complex that binds to at the 3′ UTR of their target mRNAs to induce 

degradation and translational repression (Hayder et al., 2018). The targeting of 
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mRNA regions in the 5′ UTR and in coding sequence within promoter also seem to 

induce the silencing of gene expression (Xu et al., 2014) (Figure 3).  

 

 

Figure 3. MicroRNAs biogenesis and mechanism of function (Chandrasekaran et al., 

2012). 

MiRNAs reflect cell status in terms of proliferation, cell cycle, differentiation and 

apoptosis since they play an important role in regulating fundamental genes 

involved in both physiological and pathological processes. MiRNA tissue 

specificity allow also the identification of the origin site from which they are 

released (Punnoose et al., 2010). Extracellular miRNAs seem to derive from 

multiple sources. They can result from lysis of death cells and apoptotic bodies or 

from living cells active release through lipoprotein complexes, microvesicles, lipid-

membrane vesicles and exosomes, that assure a high stability from enzyme 

degradation (Kishikawa et al., 2015).  Up to 500 copies of individual miRNAs have 
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been found per cells, while lower levels of miRNAs were detected in biological 

fluids and extracellular environment (Liang et al., 2007; Pritchard et al., 2012).  In 

2005, Yang et al. showed the vital importance of miRNA network through the 

homozygous deletion of the gene coding for Dicer - the key enzyme of miRNA 

biogenesis - that resulted in the disruption of prenatal development of murine 

embryos (Yang et al., 2004). Murine knock-out models for miRNA maturation 

enzymes and complexes elucidated the role of miRNAs in cell function and 

homeostasis and their crucial role in embryonic stem cell self-renewal and 

development (Bernstein et al., 2003; Park et al., 2010; Wang et al., 2007). The 

diagnostic and therapeutic potential of miRNAs was showed in later studies that 

pointed out the accessibility of miRNAs circulating in patients serum and the 

correlation of miRNA patterns with many types of diseases (Izzotti et al., 2016; 

Lawrie et al., 2008; Pasquinelli et al., 2000), including cancer, where tissue specific 

miRNAs are either downregulated (Calin and Croce, 2006; Chang et al., 2008) or 

overexpressed (Hayashita et al., 2005; Tagawa and Seto, 2005). Indeed, several 

lines of evidence have shown that miRNAs are crucial in modulating host immune 

response, tumor growth and progression, as well as metastasis spread (Ruivo et al., 

2017). Many clinical trials, initiated on the heels of increasing publications, proved 

the applicability of miRNAs in cancer diagnosis and prognosis (Izzotti et al., 2016; 

Russo et al., 2018).  

Several studies have investigated the potential application of circulating mRNAs 

and miRNAs in PCa. In particular, miR-200b-3p resulted downregulated in 

hyperplasia and in healthy adjacent tissues compared to PCa samples, and could be 

useful, in combination with miR-181b-5p, to differentiate BPH and PC (Pełka et 

al., 2021). The deregulation of specific patterns of miRNAs (i.e. miR-141-3p, miR-

221, miR-21 and miR-375) appears to be correlated with PCa initiation and 
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progression (Bryant et al., 2012). A comprehensive analysis of serum miRNA 

expression profiles of 809 cases of PCa and 241 cases of negative prostate biopsy 

performed on a standardized microarray platform identified the upregulation of 

serum miR-17-3p and miR-1185-2-3p in patients with PCa, with a distinct profile 

from that observed in BPH specimens (Urabe et al., 2019). Another study conducted 

on 20 patients – with mean age of 68.6 years and a mean PSA of 21.3 ng/ml – and 

8 healthy patients showed that the relative serum expression of miR-106b, miR-

141-3p, miR-21 and miR-375 was significantly increased in PCa patients compared 

to healthy controls, thus indicating the potential possibility of discriminating PCa 

patients from healthy controls by detecting miRNAs (Porzycki et al., 2018). 

Notably, mir-375 serum levels resulted higher in patients with disseminated or 

CRPC compared to those measured in patients with a localized tumor, thus 

providing information about tumor clinical aggressiveness (Brase et al., 2011). 

Likewise, elevated levels of circulating miR-182-5p were associated with advanced 

PCa (Bidarra et al., 2019).  

The stability of miRNAs in various body fluids along with the development of 

specific high-throughput detection methods allowing miRNA detection in 

extracellular fluids are among the main advantages of using miRNAs as circulating 

biomarkers. In fact, human fluids are specimens easily accessible without invasive 

procedures, thus suggesting that circulating miRNAs could represent a unique 

source material for clinical diagnostics (Turchinovich et al., 2011). To this end, 

microarrays and new qRT-PCR-based strategies have been developed to achieve a 

more rapid and sensitive detection of circulating miRNAs by reducing the number 

of amplification cycles and exploting different probes such as molecular beacons, 

enzymatic luminescence, nanoparticles-based probes and circular exponential 

amplification (Kelly et al., 2015). However, significant challenges remain, such as 
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the low concentration of miRNAs released in blood, especially in the early-stage 

disease, and the difficult localization of the biomarker release site (Hindson et al., 

2013; Witwer, 2015). In recent years, ultrasound-based techniques have been 

proven useful tools in the field, that could help to overcome some of the biomarker-

related limitations and advance their clinical application. 

 

ULTRASOUND MECHANISMS 

The mechanisms at the basis of ultrasound (US) techniques are sonoporation and 

the transient permeabilization of cell membrane resulting from the physique 

phenomenon named “cavitation”. Cavitation is induced by the formation of a 

variable number of pores on the membrane caused by the growing and shrinking as 

well as the total collapse of gas-filled microbubbles present in cell medium. The 

use of commercial available microbubbles, approved as contrast agents, could 

enhance this phenomenon by amplifying the biophysical effects of US (Lentacker 

et al., 2014). The exposure to US waves changes the physiologic state of cell 

membrane inducing deformation, local temperature increase and other chemical 

and mechanical effects, which result in the increase of cell permeability and the 

establishment of an enhanced bidirectional efflux, thus facilitating both the uptake 

and the release of low weight molecules like drugs, peptides, proteins and nucleic 

acids, through cell membrane (Frenkel, 2008). 

Therefore, there is a wide range of biological effects produced by US exposure, 

which are dependent on the intensities of US waves applied to biological systems. 

In fact, during the cavitation, microbubbles are subjected to a gas influx and efflux 

that cause an alternate phase of expansion and compression. At low acoustic 

pressures, a stable cavitation produces the symmetrical oscillation of microbubbles, 
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with an equilibrium of the net gas influx (Figure 4). These fluctuations result in the 

generation of a microstream in the nearby liquid and in a series of pushing and 

pulling forces against cell membrane producing mechanical stress which could 

allow the entering of the bubble through the bilayer. At higher intensities, the 

expansion phase extends since the microbubble reach its resonant size or, according 

to the US parameters applied, collapses asymmetrically generating shock waves or 

jets of liquid that, in proximity of the cell, produce shear stress that disturbs 

membrane integrity (Sboros, 2008; VanBavel, 2007). This phenomenon is called 

inertial cavitation and it has been shown that it could enhance intracellular delivery 

of drugs and molecules (Miller et al., 1999) (Figure 4).  

Both mechanisms are responsible for changes in cell bilayer and, in the case of 

inertial cavitation, of membrane disruption. Pore formation is one of the most 

frequent event that occurs during US treatment, even if several studies reported the 

activation of endocytosis processes after pulsed US exposure (Lionetti et al., 2009).  

 

 

 

 

Figure 4. Ultrasound wave behavior during stable and inertial cavitation (Liu et al., 2014).  
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BIOLOGICAL EFFECTS OF ULTRASOUND 

The application of focused US can locally modify tissue integrity with low off-

target effects. The generation of US-induced bubbles mechanically disrupt tissues, 

inducing a wide range of effects ranging from cavitation-based permeabilization to 

complete tissue liquefaction. Tissue damage can be managed controlling US 

application parameters on the basis of the approach used and the final effect wanted 

(Lucchetti et al., 2020).  

The induction of mechanical and chemical events responsible for pore formation 

and cell permeabilization has been well understood through studies aimed to study 

single cell behavior under US waves effect (Figure 5). To this end, defolliculated   

Xenopus laevis oocytes were subjected to an ultrasonic field to analyze formation, 

size and time of resealing of pores on cell membrane through the inward 

transmembrane current (TMC). TMC technique measures the change of the ion 

transport through the non-specific pores, resulted from ion concentration and 

electrical potential gradient across the membrane, thus quantifying the contribution 

of Na+, K+ and Cl-. The comparison between TMC and control values allowed the 

identification of the size of the generated pore, that ranged from 50-2500 nm, and 

indicated the effective time necessary to induce pore formation and resealing (Zhou 

et al., 2009). A detailed analysis of the highly complex dynamic of single cell 

sonoporation and US-mediated drug delivery was performed through US treatment 

of HEK 293 cells combined with microbubbles contrast agents (1-3 um) and 

monitored with whole cell patch-clamp and ultrafast fluorescence microscopy (Fan 

et al., 2012). Streptavidin-coated microbubbles allowed to better understand the 

interaction of a single microbubble with specific cell receptors on cell surface. 

Transient cell membrane modifications during the sonoporation were monitored 
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with TMC and Propidium Iodide (PI) fluorescence, and cell viability assay on 

calcein-AM was used to verify the recovery of cell membrane integrity after the 

treatment. TMC studies of pore formation and size highlighted two different 

mechanism of pore resealing that occur after sonication: a faster one that involve 

membrane fusion and exocytosis events for repairing small membrane disruption, 

and a slower one associated with more extensive mechanical injury repair. 

Variations of these recovery constants were linked to structural differences and 

membrane heterogeneity among different cell types.  The study pointed out that cell 

response to US treatment depends on both acoustic pressures applied and bubbles 

radius. In fact, tuning the US application showed that smaller bubbles excitation 

generates less PI uptake than larger ones, since pores radius is strictly related to 

microbubbles size with a direct proportion. Based on fluorescence imaging and 

calcium influx measurements, it was clear that there is an inversely proportion 

between acoustic pressures and microbubbles size resonance. In fact, increasing 

pressures excited even smaller bubbles. A model of Multidrug Resistance Protein-

1 (MRP1) was used for the analysis of delivery and efflux of membrane-

impermeable compounds, that need uptake and efflux pumps. The model compared 

the behavior of HEK-MRP1 positive cells and parental cells not expressing MRP1 

under US treatment. The efflux rate of fluorescent MRP1 was eight times faster for 

HEK-MRP1 compared to parental cells during sonication, confirming that US 

enhance transporter-induced efflux (Fan et al., 2012). 
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Figure 5. Ultrasound application and effects on cell physiology (Lentacker et al., 2014) 

 

ULTRASOUND TREATMENT FOR BIOMARKERS RELEASE 

Single-cell studies furthered the understanding of the mechanism of pore formation 

and resealing, the involvement of active transport and molecules uptake and release 

through membrane bilayer during US treatment. Based on all the available 

evidence, it became clear that US treatment was applicable on more complex 

system both in vitro and in vivo. In 2009 D’ Souza et al. demonstrated that the 

application of an appropriate amount of ultrasonic energy to tumor site promotes 

the release of specific markers from tumor cells. In vitro study on colon cancer cells 

LS174T showed a progressive increase of CEA release after US exposure with a 

low death rate at power levels below 1W/cm2. The direct application of US to the 

site of tumor in mice bearing LS174T xenografts caused a significant change in 

blood CEA levels compared to those measured in control groups, which were 

composed of no tumor-bearing mice and tumor-bearing mice treated in a no tumor 
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site (D’Souza et al., 2009). Later, in 2018, D’ Souza et al. further demonstrated the 

applicability of this technique to tumor of unknown origin through the detection of 

multiple nucleic acids and proteins released in the bloodstream. In addition to 

increased CEA release, LS174T- US treatment at varying intensities caused a 

significant increase of CA19-9, mir-16 and mir-141, in terms of number of copies 

present before and after the treatment. PCa cells LNCaP were also exposed at the 

same US treatment, as done for LS174T. PSA and mir-16, mir-141, mir-200c 

quantification showed a progressive increase that reached significance at 0,7 and 1 

W/cm2 treatment (D’Souza et al., 2018). US treatment was also applied to a colon 

cancer orthotopic model in the liver. Tumor was sonicated by direct application of 

transducer on the area of the tumor. A significant difference in CEA and CA-19-9 

release and in microRNAs levels was observed between pre and post treatment 

samples when compared with control groups. Similar sonication conditions were 

applied to the liver, showing an increase in protein levels after the sonication 

compared to control groups. D’ Souza et al. extended the investigation to patients 

exposed to MRg-FUS of uterine fibroids by analyzing specific markers in blood 

samples collected before and after the treatment. Endothelin 1 and CA125 raised 

significantly after MRg-FUS, and their levels correlated with the volume of the 

ablated fibroid. Only 5 patients out of the 16 showed an increase in miRNAs levels, 

in particular mir-21, mir-363 and mir-490 (D’Souza et al., 2018). Chevillet et al. 

applied three pulsed focused US treatments on rodent PCa xenografts in order to 

produce mild heating, permeabilization or liquefaction of the tissue and evaluate 

the release dynamics of tumor-derived miRNAs for each condition. The analysis of 

miRNA profiling on blood specimens highlighted how much important is the time 

factor in this kind of experiments. In fact, the maximum plasma abundance for most 

miRNAs of interest was observed at 15 min, with a gradual decrease over 30 
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minutes, and returning to the baseline at later timepoint. The same kinetic trend was 

observed in liquefaction and permeabilization regimens. Another remarkable 

consideration was that the intensity of the treatment is directly proportional to the 

magnitude of the effects and amount of biomarker released. Indeed, the liquefaction 

treatment, that provoked the real boiling of the tissue and induced a high and rapid 

rate of biomarkers release, is applicable only for a restricted range of clinical 

situations, where the integrity of the tissue is not required. Instead, the cavitation-

based permeabilization regimen produced a confined tissue damage, quite similar 

to the one produced by a normal biopsy. This suggest that this technique could be 

suitable for the interrogation of at-risk tissue in individuals with cancer genetic 

predisposition (Chevillet et al., 2017). 

Off-target effects of low-intensity ultrasound (LIPUS), ranging from 650 to 4500 

kHz, were explored in colorectal cells (Lucchetti et al., 2020). LIPUS treatment 

affected cell proliferation, that resulted drastically reduced after high intensity 

treatment (60%), while an increment of ALP activity, a marker of colorectal cells 

differentiation, was measured in CaCo-2 cells at 650 and 1000 kHz. LIPUS seemed 

to reduce epithelial-to-mesenchymal transition (EMT), inducing an increase of E-

Cadherin and a decrease of Vimentin expression. Moreover, wound healing time 

shortened both in HT29 and CaCo-2 cells, with a direct correlation with the 

frequency used. Higher frequencies (1000 kHz, 2400 kHz and 4500 kHz) induced 

a reorganization of cell cytoskeleton through the alteration of actin fiber coherency 

and the formation of filopodia-like protrusions. Moreover, LIPUS treatment 

increased the extracellular vesicles (EVs) biogenesis release and uptake, as 

confirmed by a cytometry-flow based method, showing its potential applicability in 

liquid biopsy, as EVs are well-known carrier of molecules of interest, such as DNA, 

RNA and microRNAs (Lucchetti et al., 2020). 
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The US-mediated membrane permeabilization is enhanced when microbubbles or 

nanobubbles are added in cell culture medium and the size of the bubbles used is 

very important since it is strictly linked with the ability of extravasation through 

tissue and cells. Paprosky et al. compared the use of microbubbles and 

perfluorocarbon phase-change nanodroplets in promoting the release of 

mammaglobin mRNA and mir-21 from breast cancer cells, both in vitro and in a 

murine xenograft model, by using three different instruments with growing 

intensities combined with either microbubbles, droplets or simple medium. 

Fluorescent labelled contrast agents allowed the localization of nanodroplets and 

microbubbles in relation to the cells by confocal microscopy. The use of hydrogen 

peroxide treatment as a control enabled the authors to see the amount of released 

biomarkers resulting from cell death. The choice of mammaglobin, that was not 

expressed in the model, permitted to demonstrate in vivo that the increase of the 

protein was uniquely due to the insonation of breast cancer grafts.  In the study 

emerged that nanodroplets are less stable than microbubbles, especially in in vivo 

models, due to the possibility that a population of droplets, due to their proximity, 

resulted in a large bubble cavitation nucleus, inducing effects in biomarkers release 

and cell death quite similar to the ones achieved with microbubbles. Diversity in 

miRNA and mRNA release was ascribed to differences in their endogenous levels; 

in this case, the number of copies, as well as the size of the nucleic acid, were related 

to their ability of exit cell membrane. Once again US duration, that is strongly 

related with US energy amount, was a key factor in determining markers release 

and cell death (Paproski et al., 2014). The exposition of tumors to high intensity 

focused US in presence of nanodroplets could amplify the release of EVs carrying 

relevant tumor-specific biomarkers into adjacent blood vessels. HT1080-GFP 

tumors in chicken embryos exposed to a combination of nanodroplets and US 
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demonstrated for the first time that nanodroplets and focused US stimulate the 

release of large numbers of EVs from tumor cells into the bloodstream, allowing 

enhanced detection of relevant protein, mRNA, miRNA, and DNA biomarkers 

containing tumor-specific mutations which are of great diagnostic value (Paproski 

et al., 2017). 

However, US-mediated membrane permeabilization is a process that needs to be 

finely monitored, since the resealing and maintenance of membrane integrity is 

necessary to cell viability and proliferation. The analysis of membrane protein 

patterns before and after sonication in US-induced hemolysis experiments 

illustrated that the sonication could induce severe and irreversible membrane 

disruption, leading to degradation of membrane proteins, maybe weakening the 

bilayer, and inducing a more important membrane damage. The presence of plasma 

seems to protect membrane proteins, but the mechanism has not been clarified yet. 

This consideration underlines that cellular and molecular US-induced damages 

could be the result of different mechanisms (Kawai and Iino, 2003).  Furthermore, 

a study on leukemia cells described some factors that could lead to US-induced 

apoptosis: a) the sonication intensity; b) the ultrasound-induced DNA 

fragmentation; c) the decrease in mitochondrial transmembrane potential and 

increase in intracellular superoxide production. Thus, since some US treatments 

aim for cell death but others require the maintenance of cell viability and 

proliferation, it is fundamental to optimize US parameters in order to achieve 

treatment goals (Ando et al., 2006). The risk of tumor dissemination after US 

treatment is another aspect that needs to be taken in consideration since the 

sonication could induce the release of viable malignant cells and may alter 

cytokines pattern, thus either allowing or suppressing the formation of metastasis 

(Xing et al., 2008). Although further investigations are needed to clarify the 
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aforementioned points, the growing bulk of evidence in literature showed that the 

application of US treatment on cells and tissues could be exploited to enhance 

molecules release, thus allowing the identification of specific biomarker signature 

for disease diagnosis and prognosis.  

 

ULTRASOUND TREATMENT FOR DRUG DELIVERY 

The application of ultrasound can exert a wide range of thermal and non-thermal 

effects, such as cavitation and acoustic streaming. These biophysical effects 

produce the permeabilization of cell membrane that enhance not only the release, 

but also the delivery of molecules. A number of factors in the tumor 

microenvironment, as well as the features of macromolecules and nanoparticles 

used, like molecular weight or physical size and electrostatic charges on the surface, 

can reduce the levels of delivered anti-cancer agents (Wang and Yuan, 2006). By 

enhancing the entry of molecules of interest, such as DNA, proteins and drugs, in 

specific cells and tissues, US could overcome several limitations often linked to 

cancer therapy and enable a non-invasive and precise delivery of drugs to the lesion, 

thus allowing the optimization of the administered dose (Lentacker et al., 2014).   

The enhanced transfer of DNA via US treatment was assessed both in vitro and in 

vivo using a system of e β-galactosidase and luciferase DNA reporter plasmids. The 

transfection rate of cancer cell lines constantly increased up to a 220-fold with the 

increase of pressure amplitude and reached the plateau after 3 minutes of sonication. 

Focused US treatment applied after intratumoral DNA injection, induced a 10-fold 

increase in the number of β-galactosidase positive cells analyzed by histology and 

a 15-fold increase of β-galactosidase protein expression measured by ELISA assay 

(Huber and Pfisterer, 2000). Well established methods applied in gene editing and 
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expression modulation can be greatly enhanced using microbubble preparations, 

that can serve as nucleic acids vehicles, since it was demonstrated that 

oligonucleotides were bound to microbubbles shell (Porter et al., 1996; Unger et 

al., 2001). The membrane permeability triggered by US can facilitate the delivery 

of plasmid-encoded transgenes with a wide range of  effects on tumor site: the 

replacement of a suppressor genes exploiting nanoparticle mediated delivery 

(Gaspar et al., 2011), down regulation of oncogenes with small interfering  RNA 

(Zhang et al., 2006), genes encoding enzymes capable of drug activation (Won et 

al., 2011), introduction of genes encoding immunological mediators (Zhu et al., 

2010) and introduction of genes that prevent angiogenesis (Belur et al., 2011).  

Karshafian et al. investigated how the size of delivered molecules (ranging from 

10kDa and 2MdDa), US parameters and microbubbles shell affect reversible 

permeability induced by US treatment and if sonication affects long term cell 

viability and proliferation. The use of FITC-dextran and PI assay revealed that 80% 

of cell population is reversible permeabilizated after US treatment with a 

proportional increase of permeability with the growing of both acoustic pressures 

and microbubble concentrations, reaching a maximum beyond which the 

permeability decreases. PI staining after sonoporation highlighted that reversible 

permeabilization does not affect cell viability and proliferation. Long-term viability 

assessed by clonogenic cell survival assay, indicated that 30-50% of cells maintain 

proliferative ability. Pore size of 56 nm allowed the delivery of 2MDa molecules, 

and the presence of microbubbles significantly increased the efficiency of delivery. 

The type of microbubbles influenced the concentration at which the maximum 

permeability was achieved: lipid and proteic shell microbubbles have been 

compared, and lipid smaller microbubbles needed higher concentrations to induce 

an effect of permeabilization compared to the larger protein ones. The size of 
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microbubble is a fundamental parameter as it is strictly linked to bubble resonance 

frequency and consequent oscillation and disruption that lead to the formation of 

microstream, shear stress and pores formation on cell membrane (Karshafian et al., 

2010).  

Delivery of liposomes containing doxorubicin (Dox) and fluorescein-

isothiocyanate (FITC)-dextran (molecular weight 4 to 2000 kDa) was investigated 

on HeLa cells at different acoustic power generated by a transducer at 300 kHz by 

using flow cytometry and confocal microscopy. The study revealed that US 

treatment induced the uptake of doxorubicin and dextran via a combination of 

endocytosis and permeabilization mechanisms. The delivery as well as the 

percentage of cells internalizing molecules increased with the increasing of the 

ultrasound beam power, or mechanical index (Afadzi et al., 2013).  

These studies have demonstrated how US treatment applied on biologic systems 

could be a useful tool to manipulate single cells and tissue environment as well as 

their content. The possibility of controlling the impact of US on the physiologic cell 

condition without causing drastic morphologic changes suggests that US could 

provide a promising, non-invasive method for biomarkers detection and drug 

delivery. 
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MATERIAL AND METHODS 

__________________________________________________________________ 

CELL CULTURE 

LNCaP, DU145, PC3 and 22Rv1 PCa cell lines were purchased from American 

Type Culture Collection (ATCC). Cells were cultured in a humidified incubator in 

5% CO2 at 37°C. DU145 and PC3 were cultured in RPMI-1640 medium (#30-

2001, ATCC) supplemented with 10% Fetal Bovine Serum (FBS), (certified, One 

Shot™ format, United States); 22Rv1 were cultured in Dulbecco’s modified 

Eagle’s Medium (DMEM) with 10% FBS; LNCaP were cultured in RPMI 1640 

with 10% FBS supplemented with 10 mM HEPES (#ECM0180D, Euroclone) and 

1mM Sodium Pyruvate (#ECM0542D, Euroclone). All media were supplemented 

with antibiotics (150 U/mL penicillin, 200 U/mL streptomycin) (#ECB3001D, 

Euroclone) and 2 mM Glutamine (#ECB3000D, Euroclone). All cell lines were 

routinely tested using PCR Mycoplasma Detection Set (#6601, Takara). Cell line 

authentication (STR) was carried out.  

 

ULTRASOUND INSTRUMENT AND SONICATION PROTOCOLS 

The sonication was performed with Sonowell® (Promedica Bioelectronics S.r.l.) 

(Lucchetti et al., 2020), designed to operate on standard plate-wells. Our version 

has 4 flat transducers of 12mm diameter, frequencies 0.65, 1.0, 2.4 and 4.5 MHz, 

whose emissions are controlled with a 4-channel generator/amplifier operating in 

parallel. The instrument is equipped with a thermostatic tank controlling the sample 

temperature is kept constant at 37°C. A robotic x,y,z system provides the controlled 

plate-well displacement on the transducers. The set-up is of the type well-on-



30 

transducer (Hensel et al., 2011) with the plate inner side bottom end calibrated to 

be 1 mm below the Near/Far Field plane (N/F Field). The geometry of the 

transducers positions the N/F Field plane at the same Z quote for all the frequencies, 

ensuring that all the samples experience the sonication wavelets at the maximum of 

the excitation profile, so that the sample solution is homogeneously sonicated in the 

Far Field. Protocols of sonication have been set with the instrument software 

SonoWell Soft©, which allows the simultaneous use of 4, 2 or 1 transducer on the 

same well plate. Our experiments were optimized on Falcon 24-well plates. 

Calibrations of the acoustic pressure used in the experiments were performed using 

a needle hydrophone (0.5 mm) preamplifier and DC coupler (Precision Acoustics, 

UK), monitoring the amplitude of the negative peak detected signal with a Fluke 

Scopemeter 125. Calibration curves of mW/cm2 vs acoustic pressure kPa 

measured, were obtained for all the transducers over the range of 0.010-6.0 W/cm2. 

 

HOMOGENEITY OF WELL SURFACE COVERAGE 

Evaluation of homogeneity of transducer wavelet transmission over the cellular 

layer adhered was established using DU145 cells plated at confluency in a 24-well 

plate and treated with US at 500 kPa acoustic pressure, 650 KHz, 1 MHz, 2,4 MHz 

and 4,2 MHz. Cells were stained with Crystal Violet (0,2%, #C0775, Sigma-

Aldrich) and ImageJ software (Schneider et al., 2012) was used to evaluate the 

percentage of well surface coverage. Homogeneity of detachment profiles were 

evaluated comparing images before and after sonication. 

 

ULTRASOUND TREATMENT 
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PCa cells were plated in 24-well plate (Falcon) at concentration of 150.000 

cells/well. Cell layers were rinsed with PBS after either 24 (22Rv1, DU145, PC3) 

or 48 (LNCaP) hours of incubation with complete media; then, fresh media was 

completed with exosomes-depleted FBS to eliminate interference of RNA-

containing exosomes from FBS, and protease inhibitors were added to avoid PSA 

degradation by intracellular proteases released following US treatment 

(#04693159001, Roche). Supernatant samples were collected before and after the 

sonication from the same well; incubation time for untreated (D’Souza et al., 2018) 

control cells was equal to sonication period. Top sealing films were applied to 

plates, covered with ultrasound coupling gel and a layer of phono absorbent 

material.  The frequency of 1MHz was selected for the treatment of all cell lines as 

previously reported (D’Souza et al., 2018). DU145, PC3 and 22Rv1 were treated at 

1MHz of frequency (Ispta 410.5 mW/cm2), 10% DC for 15 minutes, 30 minutes 

and 1 hour; LNCaP were treated with the same parameters at lower intensities (Ispta 

307.9 mW/cm2) to avoid detachment of cell monolayer. Duty cycle was maintained 

below 20%, since higher percentages caused membrane disruption and 

morphological alterations. Samples were centrifuged for 30 min at 1500 x g to 

remove detached cells and debris and processed for protein and miRNA 

quantification.  

Drug delivery experiments were performed on DU145 cells plated the day before 

at the concentration of 30.000 cells/well by adding a scramble (SCRB) D-

tripeptide (Tornatore et al., 2014) conjugated with fluorescein isothiocyanate 

(FITC) at the final concentration of 25 uM in 250ul of Opti-MEM® Reduced 

Serum Medium (# 31985062, Gibco) with two different ultrasound regimens: a 

short-time higher pressure-treatment (1MHz, DC 10%, Ispta 410.5 mW/cm2 , 500 
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kPa, for 3 sec, 30sec, 60 sec) and a long-time lower-pressure treatment (1MHz, 

DC 10%, Ispta 307.9 mW/cm2, 250 kPa, for 180 sec, 300s, 600 sec).   

 

PROTEIN QUANTIFICATION 

Culture media of PCa cells were analyzed for PSA concentration using ELISA kit 

Human Prostate Specific Antigen (PSA) ELISA kit (#EA100981, Origene). PSA 

standards (1,56 ng/ml, 3,12 ng/ml, 6,25 ng/ml, 12,5 ng/ml, 25 ng/ml) were provided 

from the kit.  

 

RNA EXTRACTION AND RT-qPCR 

RNA extraction and quantitative real-time polymerase-chain reaction (RT-qPCR) 

Total RNA was isolated using TRIzol Reagent (RiboEX™, Cat. No. 301-001, 

GeneALL®, Seoul, Korea). The isolated RNA was spectrophotometrically 

quantified, and equal amounts were used for cDNA synthesis using HighCapacity 

cDNA Reverse Transcription Kit (#4368814, Applied Biosystems™). RT-qPCR 

performed by using Luna® Universal qPCR Mastermix (#M3003X, New England 

Biolabs). Primers for prostate specific antigen (PSA) spanning exon 1-2 were 

purchase from IDT (S:5’-AACCAGAGGAGTTCTTGACCCC-3’, AS:5’-

GAACTTGCGCACACACGTC-3’).  

 

MiRNAS EXTRACTION  

MiRNAs extraction from supernatants, collected before and after sonication, were 

carried out with Plasma/Serum RNA Purification Mini Kit (#55000, NORGEN 
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BIOTEK. CORP) according to manufacturer’s instructions. Briefly, supernatant 

samples were collected and centrifuged for 10 min at 1500 x g at 4°C to remove 

detached cells and debris. 5 ml di C. Elegans spike-in control miRNAs concentrated 

5 fmol/ml, were added before extraction of total miRNAs. miRNA concentrations 

and qualities were evaluated by using NanoDrop 2000 (Thermo scientific, USA). 

MiRNAs quantification in cell supernatants was measured by using TaqMan RT-

qPCR. The results were standardized to the spike-in control C.elegans miRNAs 

(#000200). Taqman single tube assay for miR-16-5p (#000391), miR-200c-3p, 

(#002300) and miR-141-3p (#000463), miR-629-5p (#002436), miR-374a-5p 

(#000563), miR-194-5p (#000493) and let-7d-5p (#002283) were purchased from 

Thermo-Fisher. miRNA expression profiling was performed using TaqMan™ 

Advanced miRNA Human Serum/Plasma RT-qPCR array cards (#A34717, Life 

Technologies) for detection of up to 188 unique miRNAs in one serum/plasma 

sample. Endogenous and exogenous miRNA controls for normalization of data 

results are included in the array card. Data were collected at 0.1 threshold value on 

Applied Biosystems ViiA7 Real Time PCR System. The Ct values were normalized 

to the mean of Ct values of cel-mir-39 and analyzed with software Expression Suite 

(Life Technologies). 

 

PUBLIC DATASETS AND BIOINFORMATIC ANALYSIS 

Gene Expression Omnibus (GEO) GSE112264 dataset reporting serum miRNA 

profiles data in samples from 809 prostate cancers patients and 41 healthy control 

volunteers was analyzed using GEO2R software. Gene Expression Profiling 

Interactive Analysis (GEPIA) web server was used for expression analysis of 

COL271A gene in PCa (n=492) and normal tissue (n=152) from PCa patients and 
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healthy control volunteers from the Cancer Genome Atlas Prostate 

Adenocarcinoma (TCGA-PRAD) and Genotype-Tissue Expression (GTEx) 

datasets. DIANA-miRPath 3.0 web server tool 

(http://diana.cslab.ece.ntua.gr/pathways/) was used to perform the enrichment 

analysis of validated miRNA:gene interactions for each miRNA followed by 

targeted pathway analysis. miRNET free software was used to generate 

miRNA:gene interactions network (https://www.mirnet.ca/). Please, refer to data 

availability statement section for additional information. 

 

STATISTICAL ANALYSIS 

All data are presented as mean ± standard deviation (SD) unless stated otherwise. 

Statistical significance was determined by two-tailed Student's t-test. Statistical 

significance for multiple comparisons was calculated by using Kruskal-Wallis test. 

p-values of < 0.05 were considered statistically significant. Analyses used 

GraphPad Prism version 6.0 for Windows, GraphPad Software (San Diego, CA). 

 

DRUG DELIVERY ANALYSIS 

BD FACS Melody™ Cell Sorter was used to investigate the delivery of scramble 

(SCRB) D-tripeptide-FITC in DU145 cell line. After ultrasound treatment cells 

were rinsed twice with PBS, centrifuged at 4°C at 3000 rpm, resuspended in 500 µl 

of PBS, in polystyrene tubes, and analyzed. FACS analysis was performed with BD 

FACS Chorus™ Software.  
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RESULTS 

____________________________________________________ 

 

ULTRASOUND TREATMENT INCREASES THE RELEASE OF KNOWN 

BIOMARKERS IN PROSTATE CANCER CELL LINES 

A panel of AD (LNCaP, 22Rv1) and AI (DU145, PC3) PCa cell lines were analyzed 

for the expression of PSA biomarker by RT-qPCR. We found that LNCaP cells 

expressed the higher levels of PSA (fold change [FC]: 51679.64) compared to the 

other three cell lines, in which PSA expression was either significantly lower 

(22Rv1, FC: 196.98; PC3, FC: 3.08) or absent (DU145) (Figure 6A). As circulating 

PSA detection is routinely used in clinic for PCa screening, we tested if US 

treatment could improve the release of this biomarker in the supernatant of LNCaP 

and 22Rv1, the two cell lines where we detected measurable levels of PSA mRNA. 

To this end, both cell lines were treated with Promedica® Bioeletronics srl 

automatized prototype Sonowell®. The media was collected before and after the 

sonication from the same well to normalize biomarkers values on the same cells 

number; 10% of duty cycle was chosen to prevent membrane disruption and 

morphological alterations.  Setting experiments identify 1 MHz frequency as the 

transducer that produced the more homogeneous sonication of the well, based on 

the cell area coverage analysis (Figure 6B). Supernatant PSA levels were detected 

by ELISA. After 30 minutes of US treatment, LNCaP cells released measurable 

levels of PSA in the supernatant, which were found to be almost tripled compared 

to those released by untreated control cells (FC: 2.87) (Figure 6C). Instead, we 

observed no difference in PSA release between US-treated 22Rv1 and untreated 

cells. As additional control of our system, we further tested our PCa cell lines for 
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the release, before and after US treatment, of three cell-free miRNAs previously 

isolated in LNCaP supernatants after US treatment: mir-16-5p, mir-141, mir-200c 

(D’Souza et al., 2018). The release of these selected miRNAs in the supernatant 

was evaluated through RT-qPCR after total miRNAs extraction. We found 

increased levels of mir-16-5p and mir-141 in both LNCaP (mir-16-5p, FC: 5.3; mir-

141, FC: 2.8) and DU145 (mir-16-5p, FC: 13.6; mir-141, FC: 11.17) supernatant 

following US treatment, while an increased US-induced release of mir-200c was 

detected only in LNCaP supernatant (FC: 8.5). No significant increase of miRNA 

release was detected in PC3 and 22Rv1 supernatant after US treatment (Figure 6D-

6F). The different response to US treatment observed across PCa cell lines could 

be due to their diverse morphology, which affects US-induced membrane 

permeability (Lentacker et al., 2014; Miller and Battaglia, 2003; Zhou et al., 2009). 

We concluded that US treatment is effective in increasing the extracellular release 

of PCa-related miRNAs, at least in some cellular settings. 
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Figure 6. A, RT-qPCR showing PSA relative mRNA levels in the indicated PCa cell lines. B, 

ImageJ area coverage analysis showing the percentage of Crystal Violet-stained DU145 left in 

the well plate following US-treatment at maximum power using the indicated transducers. C, 

Quantification of PSA release in supernatant of untreated LNCaP and 22Rv1 (CTR) or US-

treated cells. D-F, RT-qPCR showing levels of (D) mir-16-5p, (E) mir-141 and (F) mir-200c in 

DU145, PC3, 22Rv1 and LNCaP supernatant from US-treated cells relative to untreated control 

cells. A-F, Values denote means ± SD (n=3); statistical significance was calculated by two-

tailed Student’s t-test. **, p<0.01; ***, p<0.001; ****, p <0.0001 
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IDENTIFICATION OF NOVEL MICRORNA IN THE SUPERNATANT OF 

PROSTATE CANCER CELLS FOLLOWING US TREATMENT 

Since US treatment showed to be effective in increasing the concentration of known 

miRNAs released in the supernatant of LNCaP and DU145 cells, we profiled 

miRNAs released by these cells before and after US treatment, with the aim of 

identifying new potential PCa-related miRNA biomarkers. The miRNA profile 

analysis was performed by TaqMan™ Advanced miRNA Human Serum/Plasma 

RT-qPCR array cards. The volcano plots in Figure 7 shows the log2FC of all 

miRNAs detected in LNCaP (Figure 7A) or DU145 (Figure 7B) supernatant after 1 

hour US treatment compared to those released from untreated cells over the same 

time interval (Table 1). Among the 188 miRNAs investigated, we identified 4 

miRNAs, whose levels were significantly higher in LNCaP cell supernatant after 

US treatment compared to those to those detected in basal conditions: miR-425-5p 

(FC: 5.129, p=0.028); miR-365b-3p (FC: 4.698, p=0.036); miR-629-5p (FC: 2.274, 

p=0.038), and miR-193b-3p (FC: 3.034, p=0.018). Three of them, miR-425-5p, 

miR-365a-3p and miR-193b-3p, were already described in the literature to be 

involved in PCa. In fact,  miR-425-5p has been described to be overexpressed in 

prostate cancer cell lines, where it promotes proliferation, migration and invasion 

by targeting forkhead box J3 (Zhang et al., 2019); miR-365b-3p expression resulted 

statistically different in PCa tissues compared to those from patients with prostatic 

hyperplasia (Lyu et al., 2019); and miR-30b-5p was described to modulate NUAK1, 

whose alteration is required for prostate cancer progression (Guan et al., 2018). 

Interestingly, we also identified miR-629-5p, which to our knowledge had never 

been linked to PCa disease (Figure 7A, Table 1). Notably, two additional miRNAs, 

whose supernatant levels were increased more than two-fold following LNCaP US 

treatment - miR-374a-5p (FC: 2.550, p=0,060) and miR-194-5p (FC: 4.416, 
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p=0,195) – were not described in the literature as PCa-related miRNAs. DU145 

profiling showed a significant increase in the release of let-7d-5p (FC:2.694, 

p=0.007) following US treatment and, although this miRNA family has been related 

to several cancer (Wagner et al., 2014), no specific roles in PCa have been described 

for this specific member (Figure 7B, Table 1). We investigated the cellular release 

kinetics of newly identified miR-629-5p, miR-374a-5p, miR-194-5p and let-7d-5p 

by single RT-qPCR assay. Release of miRNAs in the supernatant of LNCaP and 

DU145 was measured after treating cells with US for 15 minutes, 30 minutes and 1 

hour. Supernatants of untreated control cells were collected before sonication, 

following incubation with exosomes-depleted medium for the same time. We 

observed a significant increase in the release of miR-629-5p, miR-374a-5p and 

miR-194-5p in LNCaP supernatant after 1h US treatment compared to untreated 

cells (miR-629-5p, FC: 6.5; miR-374a-5p, FC: 7.1; miR-194-5p, FC: 6.4), while no 

significant increase was observed at earlier time points (Figure 8A-C). Instead, we 

observed a time-dependent increase of let-7d-5p release in cell supernatant from 

US-treated DU145 cells compared to untreated cells. This increase in miRNA 

release was already significant after 15 minutes of US treatment (FC: 2.8) and 

augmented when cells were treated for longer time intervals (30’ treatment, FC: 40; 

1h treatment, FC: 81.3) (Figure 8D). 
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Figure 7. A-B, Volcano plots showing the profiling of released miRNAs in (A) LNCaP or 

(B) DU145 supernatant of US-treated relative to untreated control cells performed by using 

TaqMan™ Advanced miRNA Human Serum/Plasma Card RT-qPCR array cards. Analyses 

were performed using Expression Suite software. Reported are the negative log10 p-values 

plotted against the log2 fold change. Dots represent individual miRNAs. Horizontal line, 

p=0.05; Vertical line, FC=2. Dark red dots, significantly up-released miRNAs (p<0.05). 

miRNA of interested are depicted (framed boxes). 

 

 

A 

B 



41 

LNCaP 

microRNA Fold Change 
Log2 Fold Change 

(US treated/untreated) 
p-value 

hsa-miR-193b-3p-478314_mir* 3.034 1.60122109 0.018 

hsa-miR-425-5p-478094_mir* 5.129 2.35867757 0.028 

hsa-miR-365b-3p-478065_mir* 4.698 2.23204671 0.036 

hsa-miR-629-5p-478183_mir* 2.274 1.18523225 0.038 

hsa-miR-30b-5p-478007_mir 3.098 1.63133714 0.051 

hsa-miR-374a-5p-478238_mir 2.55 1.35049725 0.060 

hsa-miR-28-5p-478000_mir 2.096 1.06763872 0.112 

hsa-miR-342-3p-478043_mir 2.595 1.37573454 0.110 

hsa-miR-30c-5p-478008_mir 3.509 1.81105995 0.101 

hsa-miR-99b-5p-478343_mir 5.627 2.49236596 0.137 

hsa-miR-200c-3p-478351_mir 3.2 1.67807191 0.135 

hsa-miR-194-5p-477956_mir 4.416 2.14274017 0.195 

hsa-miR-148b-3p-477824_mir 2.488 1.31498649 0.265 

hsa-miR-2110-477971_mir 3.086 1.62573806 0.295 

hsa-miR-339-5p-478040_mir 2.739 1.45364927 0.397 

hsa-miR-21-3p-477973_mir 2.764 1.46675762 0.664 

hsa-miR-103a-3p-478253_mir 1.733 0.79327165 0.059 

hsa-miR-374b-5p-478389_mir 1.737 0.79659775 0.141 

hsa-miR-19a-3p-479228_mir 1.395 0.48026512 0.233 

hsa-miR-182-5p-477935_mir 1.711 0.77483976 0.282 

hsa-miR-195-5p-477957_mir 1.671 0.74071173 0.294 

hsa-miR-500a-5p-478309_mir 1.727 0.78826808 0.324 

hsa-miR-532-5p-478151_mir 1.826 0.86868677 0.34 

hsa-miR-222-3p-477982_mir 1.941 0.95680012 0.499 

hsa-miR-320e-478022_mir 1.573 0.65351867 0.401 

hsa-miR-25-3p-477994_mir 1.538 0.6210555 0.439 

hsa-miR-652-3p-478189_mir 1.526 0.60975496 0.464 

hsa-miR-378a-3p-478349_mir 1.529 0.61258841 0.485 

hsa-miR-132-3p-477900_mir 1.483 0.5685186 0.543 

hsa-miR-221-3p-477981_mir 1.492 0.57724754 0.601 

hsa-miR-125b-5p-477885_mir 1.452 0.53804145 0.591 

hsa-miR-423-3p-478327_mir 1.424 0.50994915 0.5 

hsa-miR-186-5p-477940_mir 1.349 0.43189035 0.537 

hsa-miR-200a-3p-478490_mir 1.309 0.3884651 0.563 

hsa-miR-34a-5p-478048_mir 1.288 0.36513259 0.657 

hsa-miR-29a-3p-478587_mir 1.257 0.32998465 0.611 

hsa-miR-93-5p-478210_mir 1.219 0.28569813 0.577 

hsa-miR-19b-3p-478264_mir 1.225 0.29278175 0.436 

hsa-miR-191-5p-477952_mir 1.276 0.35162833 0.4 

hsa-miR-92a-3p-477827_mir 1.321 0.40163047 0.291 
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hsa-miR-26b-5p-478418_mir 1.188 0.24853484 0.621 

hsa-miR-26a-5p-477995_mir 1.153 0.20539251 0.629 

hsa-miR-21-5p-477975_mir 1.117 0.15962919 0.729 

hsa-miR-20a-5p-478586_mir 1.124 0.16864204 0.733 

hsa-miR-29b-3p-478369_mir 1.136 0.18396283 0.79 

hsa-miR-484-478308_mir 1.184 0.24366908 0.8 

hsa-miR-17-5p-478447_mir 1.07 0.0976108 0.831 

hsa-miR-28-3p-477999_mir 1.088 0.12167856 0.873 

hsa-miR-125b-5p-477885_mir 1.098 0.13487805 0.918 

hsa-miR-301a-3p-477815_mir 0.953 -0.0694519 0.8 

hsa-let-7g-5p-478580_mir 0.927 -0.1093588 0.789 

hsa-miR-339-3p-478325_mir 0.909 -0.1376478 0.857 

hsa-miR-190a-5p-478358_mir 0.945 -0.0816138 0.923 

hsa-miR-148a-3p-477814_mir 0.875 -0.1926451 0.531 

hsa-miR-24-3p-477992_mir 0.838 -0.2549779 0.686 

hsa-miR-324-5p-478024_mir 0.734 -0.446148 0.737 

hsa-miR-151a-3p-477919_mir 0.631 -0.6642881 0.655 

hsa-miR-505-3p-478145_mir 0.514 -0.9601597 0.343 

hsa-miR-130b-3p-477840_mir 0.489 -1.0320936 0.258 

hsa-miR-210-3p-477970_mir 0.441 -1.1811494 0.322 

DU145 

microRNA FC Log2 FC p-value 

hsa-let-7d-5p-478575_mir* 2.694 1.42974985 0.007 

hsa-miR-191-5p-477952_mir 2.135 1.09423607 0.312 

hsa-miR-21-5p-477975_mir 1.348 0.4308205 0.256 

hsa-miR-24-3p-477992_mir 1.525 0.60880924 0.337 

hsa-miR-342-3p-478043_mir 1.62 0.69599381 0.518 

hsa-miR-23a-3p-478532_mir 1.46 0.54596837 0.706 

hsa-miR-151a-3p-477919_mir 1.29 0.36737107 0.791 

hsa-miR-15a-5p-477858_mir 1.228 0.29631056 0.691 

hsa-miR-10a-5p-479241_mir 1.175 0.23266076 0.819 

hsa-miR-31-5p-478015_mir 1.118 0.16092019 0.71 

hsa-miR-29b-3p-478369_mir 1.115 0.15704371 0.678 

hsa-miR-93-5p-478210_mir 1.104 0.14274017 0.589 

hsa-miR-26a-5p-477995_mir 1.05 0.07038933 0.922 

hsa-miR-99b-5p-478343_mir 0.973 -0.0394883 0.978 

hsa-miR-652-3p-478189_mir 0.918 -0.1234339 0.932 

hsa-miR-155-5p-477927_mir 0.907 -0.1408255 0.935 

hsa-miR-181a-5p-477857_mir 0.892 -0.1648844 0.936 

hsa-miR-222-3p-477982_mir 0.883 -0.1795147 0.903 

hsa-miR-25-3p-477994_mir 0.855 -0.2260037 0.912 

hsa-miR-320a-478594_mir 0.811 -0.3022262 0.868 

hsa-miR-423-3p-478327_mir 0.835 -0.2601519 0.684 
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hsa-let-7g-5p-478580_mir 0.822 -0.2827897 0.549 

hsa-miR-125b-5p-477885_mir 0.833 -0.2636116 0.503 

hsa-miR-29a-3p-478587_mir 0.817 -0.291592 0.501 

hsa-miR-186-5p-477940_mir 0.773 -0.3714597 0.751 

hsa-miR-532-5p-478151_mir 0.713 -0.488026 0.893 

hsa-miR-200c-3p-478351_mir 0.692 -0.5311561 0.77 

hsa-miR-193b-3p-478314_mir 0.539 -0.8916428 0.597 

hsa-miR-221-3p-477981_mir 0.507 -0.9799423 0.378 

hsa-miR-502-3p-478348_mir 0.455 -1.1360615 0.485 

hsa-miR-28-3p-477999_mir 0.308 -1.6989977 0.536 

hsa-miR-500a-5p-478309_mir 0.303 -1.7226103 0.568 

 

Table 1. Cell-free miRNAs profiling of US-treated LNCaP and DU145 cells. 

Significantly up-released miRNAs, p< 0. 
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Figure 8. A-C, Single RT-qPCR assay showing cellular release kinetics of (A) mir-629-

5p, (B) mir-374-5p and (C) mir-194-5p in LNCaP supernatants following US treatment for 

different time periods. D, Single RT-qPCR assay showing cellular release kinetics of let-

7d-5p in DU145 supernatants following US treatment for different time periods. A-D, 

Expression values are relative to untreated control cell. Values denote means ± SD (n=3); 

statistical significance was calculated by two-tailed Student’s t-test. **, p<0.01; ***, p 

<0.001; ****, p <0.0001. 
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NEWLY IDENTIFIED MICRORNAS ARE UPREGULATED IN SERUM FROM 

PROSTATE CANCER PATIENTS 

To understand the clinical significance of these four miRNAs identified in PCa cell 

supernatants following US treatment, we analyzed their expression in serum from 

non-cancer controls (n=41) or PCa patients (n=809) from the GSE112264 publicly 

available dataset. This analysis showed that serum expression of all miRNAs was 

significantly upregulated in PCa patients compared to controls (Figure 9A-9D), 

suggesting that they could be potential valuable diagnostic biomarkers. We also 

analyzed serum expression of these miRNAs in PCa patients stratified based on 

tumor stage. mir-629-5p, mir-374-5p and mir-194-5p expression levels were 

increased in serum of PCa patients across all tumor stages compared to control sera 

(Figure 10A-10C), while let-7d-5p mRNA levels were significantly higher only in 

serum from patients with T1-T3 PCa disease (Figure 10D). Thus, all analyzed 

miRNAs seem to be released in serum of PCa patients in the earlier phases of 

disease (T1-T2 stages), and their levels remain high as the disease progresses to 

advanced stages (T3-T4 stages).  
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Figure 9. A-D, Boxplot showing expression of (A) mir-629-5p, (B) mir-374-5p, (C) mir-

194-5p and (D) let-7d-5p in serum from control healthy volunteer (n=41) or human PCa 

patients (n=809) from GSE112264 dataset. Shown in the boxplot are the medians 

(horizontal lines), 25th-75th percentiles (box outlines), and highest and lowest values 

within 1.5x of the inter-quartile range (vertical lines). Statistical significance was calculated 

by using two-tailed Student’s t-test. ****, p-value < 0.0001. 
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Figure 10. A-D, Boxplot showing expression of (A) mir-629-5p, (B) mir-374-5p, (C) mir-

194-5p and (D) let-7d-5p in serum from control healthy volunteer (n=41) or human PCa 

patients from GSE112264 dataset stratified for tumour staging (T1=256 samples, T2=354 

samples, T3=183 samples, T4 stage=16 samples). Shown in the boxplot are the medians 

(horizontal lines), 25th-75th percentiles (box outlines), and highest and lowest values 

within 1.5x of the inter-quartile range (vertical lines). Samples from each tumour stage was 

compared to control healthy group by using two-tailed Student’s t-test. *, p-value < 0.05; 

***, p-value < 0.001; ****, p-value < 0,0001. Statistical significance for multiple 

comparisons was calculated by using Kruskal-Wallis test. A-B, D, p-value < 0,0001; C, p-

value = 0.0146. 
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IN SILICO MICRORNA: GENE INTERACTION ANALYSIS  

In order to better characterize the newly PCa-related miRNAs, we conducted an in-

silico analysis to identify the biological targets of mir-629-5p, mir-374-5p, mir-194-

5p and let-7d-5p, with the aim of defining their roles in PCa development and 

progression. To this end, DIANA-mirPath  3.0 was used to search out both 

experimentally validated and putative target genes, by exploiting two different 

bioinformatic tools: i) TarBase v7.0, which shows gene targets validated in high 

throughput, microarrays, sequencing and proteomic experiments; and ii) microT-

CDS, which identifies putative target genes by using an algorithm based on the 

recognition of positive and negative sets of miRNA Recognition Elements (MREs) 

located in both the 3'-UTR and CDS regions. Enrichment analysis of validated 

miRNA:gene interactions followed by targeted pathway analysis (Table 2, Figure 

11A) showed that both mir-629-5p and miR-194-5p target DHCR24 gene, a central 

regulator of steroid biosynthesis, which is frequently altered in prostate cancer cells 

(Battista et al., 2010). Among the validated gene targets of both miR-194-5p and 

miR-374a-5p we also found CCND2, AXIN2 and BMPR2, regulated by the Hippo 

signaling pathway involved in stemness and cancer biology. miR-374a-5p seems 

also to be involved in the regulation of biosynthesis of unsaturated fatty acids by 

targeting genes like ELOVL5, SCD and HSD17B12, thus reinforcing the well-

known correlation between altered lipid metabolism and prostate cancer (Centenera 

et al., 2021; Kim et al., 2011; Sun et al., 2011). Both miR-374a-5p and let-7d-5p 

target several genes previously associated with the KEGG prostate cancer pathway. 

Moreover, we found that let-7d-5p, identified in the supernatant of DU145 

following US treatment, regulated genes involved in glioma-associated KEGG 

pathway, and this is of interest as DU145 were isolated from brain metastasis of 

PCa. Indeed, these two KEGG pathways shares many genes, like CCND1, which 
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plays a fundamental role in the regulation of cell cycle and proliferation in both 

glioma and prostate cancer cells, and whose deregulation portends worse clinical 

outcomes (Chung et al., 2019; Ikeda et al., 2019). let-7d-5p also modulated genes 

implicated in cell-cell adherens junctions, suggesting a role for this miRNA in 

regulating the epithelial mesenchymal transition (EMT), a process promoting PCa 

metastasis and chemoresistance (Sowalsky et al., 2015). In addition to validated 

gene interactors, we searched for putative target genes of our miRNAs of interest. 

Enrichment analysis of putative miRNA:gene interactions followed by targeted 

pathway analysis performed by microT-CDS suggested that miR-629-5p could also 

target the prolactin receptor (PRLR) and AKT serine/threonine kinase 3 (AKT3) 

genes, involved in the prolactin signaling pathway, whose alteration may contribute 

to the pathogenesis of PCa (Table 2) (Lin et al., 2015; O’Sullivan and Bates, 2016). 

The same analysis showed that miR-194-5p could be also involved in the regulation 

of branched chain amino acid degradation, a metabolic process found deregulated 

in PCa progression (Table 2) (Zhu et al., 2017). Interestingly, among putative 

targets for let-7d-5p, we found that COL27A1, codifying for fibrillar collagen 

alpha-1 (XXVII) chain protein and to our knowledge never associated with PCa, 

was the only one downregulated in PCa patients from The Cancer Genome Atlas 

(TCGA) compared to controls, suggesting a potential role for this let-7d-5p-target 

gene in PCa pathogenesis (Table 2, Figure 11B) (Pace et al., 2003). 
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miRNAs miR-629-5p miR-374a-5p miR-194-5p let-7d-5p 

KEGG  

pathways 

Steroid 

biosynthesis  

 

UFA 

biosynthesis 

Hippo 

pathway 

Prostate 

cancer 

Hippo 

pathway 

Steroid 

biosynthesis 

Adherens 

junction 
Glioma 

Prostate 

cancer 

p-value 4.63E-05 3.08E-08 3.085E-08 2.21E-02 2.65E-04 5.30E-04 1.94E-06 8.64E-03 2.37E-02 

Target 

Genes 

DHCR24 

 

 

ELOVL5 

SCD 

HSD17B12 

 

GSK3B 

YAP1 

APC 

NF2 

WNT5A 

CCND2 

FZD6 

WNT3 

YWHAB 

WWTR1 

FZD3 

MPP5 

CCND1 

CTNNB1 

CTNNA1 

FRMD6 

TEAD1 

LATS1 

FBXW11 

PPP2R1B 

PARD6B 

BMPR2 

PPP1CB 

 

NRAS 

PIK3CB 

CDKN1B 

IGF1R 

KRAS 

CCND1 

CTNNB1 

CCNE2 

PDGFC 

CREB3L2 

PTEN 

MAPK1 

MDM2 

TGFBR1 

YAP1 

YWHAE 

CCND2 

ACTG1 

CCND1 

AXIN2 

BMPR2 

DHCR24 ACTB 

CSNK2A2 

TGFBR1 

WASF1 

SMAD2 

ACTG1 

SMAD3 

IGF1R 

VCL 

TJP1 

FYN 

ACP1 

NLK 

PTPN6 

WASF2 

FER 

CSNK2A1 

FARP2 

PTPRJ 

RAC1 

INSR 

FGFR1 

MAPK1 

CREBBP 

TGFBR2 

BRAF 

CDK4 

E2F2 

NRAS 

IGF1R 

TP53 

PLCG1 

CCND1 

E2F3 

PDGFB 

CDKN1A 

MTOR 

MAPK1 

MDM2 

BRAF 

E2F2 

NRAS 

HSP90AA1 

IGF1R 

TP53 

AR 

CCND1 

CCNE2 

E2F3 

PDGFB 

CDKN1A 

MTOR 

FGFR1 

MAPK1 

CREBBP 

MDM2 

 

 

Table 2. Enrichment analysis of putative miRNA:gene interactions followed by targeted 

pathway analysis. 
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Figure 11. A, Schematic representation of miRNA:gene network resulting from 

enrichment analysis of validated miRNA:gene interactions followed by targeted pathway 

analysis. A colour code was used for grouping genes from the same KEGGS pathway.  B, 

Boxplots showing the mRNA expression of COL27A1 in tumour samples of PCa (n=492) 

from PRAD-TCGA dataset and normal tissue (n=152) from TCGA and Genotype-Tissue 

Expression (GTEx) datasets. Expression analysis was performed by using Gene Expression 

Profiling Interactive Analysis (GEPIA) web server. Statistical significance was calculated 

by one-way ANOVA. TPM, transcripts per million. A-B, p-value < 0.05. 

 

 

A 

B 
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ULTRASOUND-MEDIATED DRUG DELIVERY  

The delivery of a SCRB D-tripeptide-FITC on DU145 cells in presence of two 

different ultrasound regimens (1MHz, DC 10%, Ispta 410.5 mW/cm2, 500 kPa for 

3 sec, 30sec, 60 sec and 1MHz, DC 10%, Ispta 307.9 mW/cm2, 250 kPa, for 180 

sec, 300s, 600 sec) was evaluated by FACS. The short time higher-pressure 

treatment, generating 500 kPa inside the well, enhanced the delivery of the SCRB-

FITC in inversely proportional manner with the time of sonication. The percentage 

of cells FITC-positivity ranged from 70,86% after 3 sec of treatment to 60,61% 

after 30 sec and to 58,72% after 60 sec of sonication (Figure 12, middle panel). 

Following the lower-pressure treatment we observed a less efficient drug delivery 

that seemed to slightly increase in a time dependent manner, with the FITC-

positivity ranging from 7,92% at 180 sec, 9,65% at 300 sec and 13,88% at 600 sec 

(Figure 12, bottom panel). Both ultrasound regimens facilitated the delivery of 

SCRB-FITC respect to control cells, which were incubated in basal conditions with 

conjugated molecules for the maximum time of treatment (i.e., 600 sec) (Figure 12, 

upper panel). 
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Figure 12. A-C, FACS analysis of SCRB-FITC delivery in DU145 after ultrasound 

treatment. A-B, Time course delivery of SCRB-FITC molecules following short time 

higher-pressure treatment (A) and lower-pressure treatment (B). Percentage of FITC-

positivity and time of treatment are depicted. C, Percentage of FITC-positivity in 

control cells incubated in basal conditions and with conjugated molecules, for the 

maximum time of treatment. 
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DISCUSSION 

________________________________________________________ 

The use of circulating miRNA biomarkers for improving cancer diagnosis and 

monitoring treatment response is showing promise for clinical utility (Kishikawa et 

al., 2015). However, they are often present at or below quantifiable limits, 

especially at early-stage disease (Witwer, 2015). Our study provided evidence that 

US-mediated sonoporation could be a powerful tool to amplify the release of 

prognostic miRNAs from both AD and AI PCa cells, in keeping with recent studies 

showing an increased release of known PCa-related miRNA biomarkers from 

LNCaP cells (D’Souza et al., 2018). Notably, preliminary data in rat allografts and 

patients with uterine fibroids showed that US treatment could be effective in 

stimulating the release of intracellular biomarkers in body fluids, suggesting that 

this technique could be clinically useful for earlier detection of cancer lesions 

(Chevillet et al., 2017; D’Souza et al., 2018).    

Due to the low predictive value of current detection and prognostication tools, PCa 

overdiagnosis and overtreatment remains a major challenge. Although several 

studies identified many miRNAs involved in PCa development and progression and 

investigated their potential as PCa non-invasive biomarkers for early diagnosis and 

prediction of metastasis (Bidarra et al., 2019; Haldrup et al., 2014), validation of 

multiple biomarkers is crucial for an effective detection and management of cancer 

disease (Kelly et al., 2015; Radon et al., 2015). Interestingly, in this regard, our 

miRNA profiling of US-treated cell supernatants allowed the identification of four 

novel PCa-related miRNAs with potential diagnostic and predictive value: mir-629-

5p, mir-374-5p, mir-194-5p and let-7d-5. Indeed, our results showed that their 

expression in sera from PCa patients is higher compared to their levels in sera from 
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healthy volunteer. Moreover, we showed that these miRNAs seem to be released in 

the earlier phases of disease, and their levels remain high as the disease progresses 

to advanced stages, suggesting that they might be valuable tools to improve early 

cancer detection and patient management along with the currently used biomarkers. 

Furthermore, our analysis of miRNA: gene interactions showed that they target 

many well-known PCa-related genes, which are often downregulated in aggressive 

PCa. Indeed, reduced expression of DHCR24, a target of both mir-629-5p and miR-

194-5, just like other AR-related genes, correlates with prostate cancer progression 

and higher risk to develop metastases in primary PCa specimens, since the 

androgens induce differentiation and inhibit the growth of prostate epithelial cells 

(Bonaccorsi et al., 2008). Downregulation of CCND2, AXIN2 and BMPR2, 

targeted by miR-194-5p and miR-374a-5p, were also associated with advanced PCa 

disease. In particular, CCND2 reduced expression was found in more aggressive 

prostate tumors characterized by high Gleason score and elevated PSA levels, 

suggesting that it could be an indicator of increased risk of relapse (Chen et al., 

2017), while downregulation of AXIN2 and BMPR2 was associated with high 

tumor grade, invasiveness and recurrence (Dai et al., 2019; Kim et al., 2004) In 

addition to provide biological connection between newly identified miRNA and 

genes with a well described role in PCa biology, we also identified COLA27A1 as 

a putative target gene of let-7d-5p. We found that COLA27A1 mRNA expression 

is lower in PCa tumors compared to normal tissues, suggesting a potential role for 

this gene in PCa pathogenesis. Clinical studies suggested that tumor collagen 

content, alignment and distribution are prognostic factors in different cancers and 

specific chains of these collagens modulates key processes in cancer progression, 

acting as either pro- or anti-tumorigenic factor (Brisson et al., 2015; Chintala et al., 

1996; Mammoto et al., 2013; Matte et al., 2019; Thangavelu et al., 2016). 
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Moreover, a recent study reported that low expression levels of COL27A1 were 

associated with a worse prognosis in breast cancer, pancreatic ductal 

adenocarcinoma and kidney renal clear cell carcinoma (Bourgot et al., 2020). 

Further investigations will determine the precise role of this gene in PCa 

progression. 

We also demonstrated the applicability of the ultrasound treatment performed with 

Sonowell® platform in experiments of drug delivery, in which two different 

regimens of sonication were applied: a short-time higher-pressure treatment and a 

long-time lower-pressure treatment. The ultrasound regimen generating the higher 

pressure inside the well was the more efficient in inducing the delivery of the 

SCRB-FITC molecule in DU145 cells, with a 71% of FITC-positive cells detected 

after only 3 seconds of sonication. Interestingly, the delivery rate increased 

inversely with the time of sonication. An opposite behavior was observed following 

the long-time lower-pressure treatment, after which the percentage of FITC-

positive cells was not only significantly reduced with respect to the other regimen, 

but it slightly increased with the time of sonication. Our results are consistent with 

previous studies that showed how at higher ultrasound intensities gas microbubbles 

(MB), normally present in medium, tend to behave non-linearly with their phases 

of compression and expansion until MB reach their resonant size. This behavior, 

also called “stable cavitation” or “non-inertial cavitation”, generated with pressure 

up to 1000 Pa, causes the oscillation of microbubbles that create a liquid flow, or 

microstreams, around the cells (Lentacker et al., 2014). Stable cavitation enables 

the transport of membrane impermeant compounds into the cytoplasm of cells 

through both an enhanced formation of pores and endocytosis (Meijering et al., 

2009). On the other hand, at very low acoustic pressures, microbubbles oscillate in 

a linear and symmetrical way with a gas influx (during expansion) and gas efflux 
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(during compression) cycle netto equal to zero, thus reducing the biological effects 

induced by ultrasound (Quaia, 2005). This evidence could explain the differences 

we observed in SCRB-FITC delivery with the two US regimens. However, further 

studies are necessary to better explore drug retention when the delivery is mediated 

by US treatment and to understand if drug therapeutic efficacy is preserved once 

the molecules are delivered inside the cytoplasm. 

In conclusion, our findings highlight the potential of using US to identify novel 

free-cell miRNAs released from cancer cells. The identification of new PCa-related 

cell-free miRNA may be crucial not only for the development of novel biomarkers 

but also to uncover novel potential pathogenetic mechanisms involved in PCa 

biology (Figure 13). Moreover, US treatment could be a useful tool to enhance drug 

delivery, especially when the physical and chemical characteristics of the molecules 

like molecular weight, size and charges of surface reduce or completely prevent the 

normal drug uptake from cells.  

 

 

Figure 13. Graphical representation of the clinical application of novel microRNAs 

identified in the in-vitro model of prostate cancer after ultrasound treatment. 
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