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Abstract 

Prostate cancer (PCa) is an interesting study case of clinical management of 
uncertainty. PCa is the most diagnosed but only the second-leading cause of non-
cutaneous cancer-related mortalities among men in developed countries. To put 
simply, the life-time risk of PCa diagnosis and mortality is approximately 11% and 
3% respectively; a ~3.6-fold difference. The large number of PCa incidence is 
attributed to the routine use of a serum biomarker known as prostate-specific antigen 
(PSA) produced by the prostatic lumen epithelium. PSA is a highly sensitive 
biomarker for detecting general prostate perturbations such as prostatitis, benign 
prostate hyperplasia (BPH) and PCa but it cannot easily distinguish them at low 
serum concentration. To confirm PCa diagnosis, prostate tissue biopsy is still 
required today. Thus, the screening strategy today creates a large pool of men that 
will go through PSA testing, prostate biopsy and, possibly, treatments that may not 
die as a result of the disease. In-addition to the unnecessary interventions, the 
economic and psychological toll of PCa diagnosis and treatment is burdensome to 
individuals. There is no doubt that PSA testing can save lives but PCa screening 
today can benefit from additional biomarkers in multiple areas. First would be to 
distinguish men likely to harbor clinically significant PCa and therefore require 
biopsies versus those that do not. Second, those that will likely progress to high 
grade or malignant disease thus requiring clinical intervention versus those that do 
not.  

Our goal in this work is to address the need for new biomarkers through “liquid 
biopsy” that can supplement PSA to discern patients with and without high grade 
PCa and therefore requiring tissue biopsies. We begin by describing our efforts to 
develop a novel technology termed “acoustic trapping” to enrich extracellular 
vesicles (EVs), a new source of biomarkers that have tremendous potential in 
clinical management of PCa. In paper 1, we assessed the performance of the acoustic 
trap then demonstrated that EVs from cell-conditioned media, plasma and urine can 
be enriched. Next, in paper 2, we developed an optimized pipeline for urinary EVs 
enrichment and next-generation sequencing of small RNA. In paper 3, we 
interrogated the microRNA (miRNA) profiles of EVs from 207 clinical urine 
samples from patients with biopsy-positive or biopsy-negative PCa. Lastly, in paper 
4, we describe our efforts to understand the role of hypoxia and androgen signaling 
on EVs secretion from PCa cells. 
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In all, this work contributes to PCa research by paving a new way to isolate and 
sequence the miRNA content from urinary EVs. This will provide a method for the 
routine use of EVs via liquid biopsy to better stratify patients in the hopes of 
reducing unnecessary tissue-biopsies and over-treatment of PCa. 
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Prostate 

Overview 
The prostate is the largest accessory gland of the male reproductive system. The 
main function of the prostate is to produce prostatic fluid that, in conjunction with 
seminal secretions form the major constituent of semen during ejaculation which 
protects, nourishes, and releases sperms from gel-matrix for fertilization. In human, 
the prostate gland is situated inferior to the bladder and anterior to the rectum. It 
envelops the descending urethra where prostatic fluid is discharged into via the 
prostatic ducts. Nourishment of the prostate is supplied by the prostatic arteries 
branched from the internal iliac arteries and drained by the prostatic venous plexus 
and periprostatic lymph vessels to the internal iliac nodes and the obturator. 

Development 
The prostate development commences at around 9 - 10 weeks of gestation and slows 
after birth (1). Prostate morphogenesis originates from the urogenital sinus (UGS) 
as a result of circulating androgen produced by the fetal testes. Androgen binds and 
activates the androgen receptor (AR) expressed by the urogenital mesenchyme 
(UGM) which triggers the budding of epithelial cell cords from the ventral, lateral 
and dorsal aspect of the UGS via paracrine signaling.(2, 3) In addition, the local 
conversion of testosterone (T) to 5a-dihydrotestosterone (5a-DHT or DHT), a 
potent agonist for AR, by 5a-reductase plays an essential role as null-mutation of 
5a-reductase can significantly or completely abrogate the development of the 
prostate.(4) As the epithelial cords elongate, concurrent branching and canalization 
of the epithelial cord occurs at around 11 weeks and after. Canalization begins from 
the UGS and proceed towards the proliferating epithelial tip, thus transforming the 
solid epithelial cord into luminal ducts. It is during canalization that epithelial cells 
begin to differentiate into luminal and basal subtype remarkable by their expression 
of keratins 8/18, AR and NKX3.1 for luminal cells and keratins 5/14 and TP63 for 
basal subtype while the adjacent mesenchyme differentiates into smooth muscles. 
Separately, a third population of cells, known as neuroendocrine, which are 
predominantly of neural crest origin, expressing serotonin and chromogranin A can 
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be found beginning at 13 weeks of gestation.(5) At 19 weeks, a continuous layer of 
a-actin-positive smooth muscle layer can be found to encompass the nascent 
prostate that eventually becomes the anterior fibromuscular layer (6). 

Prostate architecture and cellular makeup 
A physiologically normal prostate is comprised of functionally distinct zones known 
as the central, transition and peripheral zones as defined by McNeal.(7) The 
peripheral zone comprises 70% of the prostate with loose stromal components, 
whereas the central and transition zones account for 25% and 5% of the prostate 
respectively and has dense stromal component (Table 1Error! Reference source 
not found.).(8) The prostate is encapsulated by the tough anterior fibromuscular 
layer comprised of fibrous and smooth muscular elements. 

Table 1 
Origin and characteristics of a normal adult prostate 

Zones Proportion of normal adult prostate Stroma Embryonic Origin 
Peripheral 70% Loose Urogenital Sinus 
Central 25% Dense Wolffian Duct 
Transition 5% Dense Urogenital Sinus 

 

At the basic level, a normal adult prostate is organized into tubuloalevolar structure 
that terminates at the acinus in the distal end from the prostatic urethra. The acinus 
cavities are lined by tall columnar secretory luminal cells that produce prostatic 
fluids. Histologically, luminal cells express cytokeratin-8 (CK8), the androgen 
receptor (AR) and are dependent on androgen for proliferation. They secrete 
proteins such as PSA, Kallikrein Related Peptidase 2 (KLK2) and prostatic acid 
phosphatase (PAP) with putative role of liquifying semen. Luminal cells are 
supported by a layer of basal cells that maintain the basal lamina which separates 
the epithelial compartment from the stromal compartment. Basal cells are 
characterized by the expression of CK5, CK15 and the transcription factor p63. In-
addition, rare cells such as neuroendocrine cells, luminal progenitor and basal 
progenitor cells with capacity for luminal and basal cells renewal are present in 
small numbers.(9, 10)  

Beyond the epithelial compartment lies the stromal compartment. The function of 
the prostate stroma is thought to maintain the architecture through the extracellular 
matrix (ECM). The cellular composition of the stroma is predominantly fibroblast 
and smooth muscle cells depending on location. They are supported by other cell 
types such as endothelial cells, neuronal cells and leukocytes.(11) In the stroma, AR 
is expressed in a subset of smooth muscle cells and fibroblast. Though the role of 
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AR in these cells remains unclear, tissue recombination studies suggest and that they 
have anti-proliferative effect on secretory luminal cells.(12, 13) Other studies have 
also observed that AR expression is significantly diminished in stroma of PCa 
samples and portend worst prognosis.(14) Therefore, the prostate stroma is likely to 
play a key role in maintaining the delicate balance of growth and cell death through 
paracrine signaling as evident during prostate development. 

Androgen receptor and signaling 
The androgen receptor (AR) is a hormone nuclear receptor located in the long arm 
of the X chromosome (Xq11:Xq12). The AR locus contains eight exons that code 
for a nominal protein size of 919 amino acids or 119 kDa. In the unbound state, AR 
is found in the cytoplasm associated with HSP70 and HSP90 chaperone proteins. 
Binding of free circulating T or DHT leads to the disassociation of co/chaperones 
proteins and translocation into the nucleus where they recruit additional 
coactivators, homodimerizes and binds to DNA response elements and activates the 
androgen-specific targets by binding to the androgen response element (ARE) : 5′-
GGTTCT-3′, Figure 1). In the prostate, downstream target genes of AR activation 
include TMPRSS2, and the glandular kallikrein family of serine proteases such as 
KLK2 and PSA.  

 

 

Figure 1. Illustration of testosterone (T) conversion into 5a-dihydrotestosterone by 5�-reductase followed by 
intracellular binding to androgen receptor (AR). Following AR activation, it is translocated into the nucleus 
and activate the androgen response element after homodimerization.   
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The AR protein has multiple functional domains including the N-terminal domain 
(NTD), DNA binding domain (DBD), hinge region and c-terminal ligand binding 
domain (LBD) (Figure 2). The NTD comprises 60% of the amino acids (aa) 
sequence of AR. The NTD executes the transactivation function in AR via the 
constitutively active, activation function 1 (AF1) that interacts with coactivators and 
the polymorphic region consisting of varying length of polyglycine or notably 
polyglutamine (polyQ) repeats that imparts functional diversity across human 
population.(15) Within AF1, the transactivation unit 1 (Tau-1) and Tau-5 contain 
the FQNLF nuclear receptor box and WHTLF motif that mediate the ligand-
dependent interaction between the NTD and LBD as well as the ligand-independent 
p160 coactivators recruitment respectively that ultimately leads to the stabilization 
of the AR homodimer and transcriptional function.(16) The normal polyQ repeat 
contains anywhere from 8 – 31 repeats of glutamine. Longer repeats, up to 40 or 
more, can lead to spinal and bulbar muscular atrophy while shorter repeats increases 
susceptibility to prostatic neoplastic transformation.(17, 18) Mechanistic studies 
revealed that the deletion of the polyQ repeat increases AR activation by up to four-
fold through its interaction with the LBD and coactivators, SRC-1e leading to an 
increased transactivation activity.(19, 20) Interestingly, deletion studies have shown 
that the NTD is constitutively active in the absence of LBD and retains full 
transcriptional activity within Tau-1 and Tau-5.(21) 

 

Figure 2. Illustration of androgen receptor protein functional domains. N-terminal domain (NTD) in blue 
harboring the activation function-1 (AF-1) in olive green, domain essential for interaction with coactivators. 
Next to the NTD is the DNA binding domain (DBD) that interacts with the DNA after activation. The DBD also 
contains the nuclear localization signal that is exposed after androgen binding. Lastly, the c-terminal sits 
after hinge region. It contains the ligand binding domain, the site where androgen binds to. 

The DBD is a highly conserved region among the steroid receptor family that 
includes estrogen and progesterone receptor. The DBD of AR harbors two zinc 
fingers, four cysteine residues in each that coordinate a zinc ion to stabilize the 
folding of the protein structure. The N-terminal zinc finger contains a highly 
conserved proximal-box (p-box) that directly binds to the major groove of the DNA 
response element (two, hexameric half-site 5’-AGAACA-3’ separated by a 3-
nucleotides spacer: IR3) whereas the second zinc finger contains the distal-box (d-
box) that interacts with the zinc finger on the second AR dimer. Upon, androgen 
binding, the AR changes conformation exposing a nuclear localization signal (NLS) 
located between the DBD and hinge region. Nuclear translocation is initiated by the 
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association of importin-a with the NLS that traffic the ligand-bound AR to the 
nucleus.  

The LBD harbors the activation function 2 (AF-2) consisting of eleven a-helices 
and two anti-parallel b-sheets. Three helices (H5, H10 and H11) comes together to 
form the major part of the hydrophobic ligand binding pocket (LBP) and a fourth 
(H12) that closes the pocket after ligand binding. After nuclear translocation, the 
LBD is essential for stabilization of the AR homodimerization through interaction 
of the helix loop (H5) on each of the LBD. The ligand-induce conformation enables 
the NTD/CTD interaction and recruitment of AR co-regulators. Mutation in the H5 
of the LBD region has been shown to cause androgen insensitivity disorder.(22) 
There are two natural agonists for AR, T and DHT with differing affinities (Table 
2Error! Reference source not found.). In circulation of healthy male, the 
concentration of T is usually much higher than DHT and are bounded to sex 
hormone-binding globulin (SHBG) and albumin. The bioavailability of androgen is 
dependent on free androgen, i.e unbound to carrier proteins. T is the precursor for 
DHT synthesis by 5a-reductase, thus there is a strong correlation between serum of 
T and DHT levels in eugonadal men.(23)  

Table 2 
Agonists of AR and their serum concentration in eugonadal men 

Agonists Affinity (nM) Unbound Serum Concentration (nM) 
Testosterone (T) 0.29 – 0.49 (24) 2.9 – 33.9 (25) 
5a-Dihydrotestosterone (DHT) 0.24 – 0.34 (24) 0.23 – 7.3 (25) 

Pathologies of the Prostate  
There are three common male urological afflictions that account for the majority of 
urological visits. They are prostatitis, benign prostate hyperplasia (BPH) and PCa 
but our discussion will only be focused on BPH and PCa. For an in-depth review of 
prostatitis, refer to (26). 

Pathologies of the Prostate – Benign prostate 
hyperplasia 
Benign prostate hyperplasia (BPH) is a common, non-lethal, lower urinary tract 
condition affecting 15% - 60% of male greater than 40 years of age.(27) BPH is 
characterized by the hyperproliferation of the cells in the stromal and epithelial 
compartment of the transition zone surrounding the urethra; as a result, it can cause 
bladder outlet obstruction (BOO) with symptoms presented as either irritative 
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(frequent and urgency of urination and nocturia) or obstructive (weak urine stream, 
straining, and urinary retention). Currently, clinical diagnostics of BPH relies on a 
combination patient self-reporting, validated questionnaires to clinical workup. 
Urodynamics and the International Prostate Symptom Score (IPSS), a set of eight 
questions can provide insight into the level of urine flow obstruction. Digital rectal 
examination (DRE) performed by physician can give an indication of prostate 
volume while PSA testing, or imaging modality such as transrectal ultrasonography 
(TRUS), computed tomography (CT) or magnetic resonance imaging (MRI) to 
measure the prostate volume. In multiple studies, PSA has been shown to have 
excellent discriminatory power for prostate volume. In one study, men with serum 
PSA level between 2.1 – 2.5 ng/mL has 72% chance of having prostate volume >30 
mL while PSA level between 4.1 – 7.0 ng/mL has 69% chance of having prostate 
volume >40 mL.(28)  

Currently, the etiology of BPH remains unclear though modifiable and non-
modifiable risk factors such as age, metabolic syndrome, obesity, sex hormone 
levels and diets have been identified. The incidence of BPH increases with age.(29) 
The prostate volume is also increased significantly in men diagnosed with metabolic 
syndrome such as type 2 diabetes mellitus, hypertension, dyslipidemia.(30) 

Pathologies of the Prostate – Epidemiology of prostate 
cancer and risk factors 
PCa is the most commonly diagnosed and second leading cause of cancer-related 
deaths among men in the United States in 2019.(31) Historically, prostate cancer 
incidence exploded with the introduction of PSA as a screening tool in the early 
1990s followed by an equally rapid reduction of incidence (Figure 3). The causes 
were likely multi-factorial, attributable to the depletion of the sampling pool, 
revision of the initial screening guidelines or potentially the use to Lovastatin.(32) 
As expected, screening of PCa and improvement in therapies led to a decrease in 
overall age-adjusted mortality with five year survival increased from 88.7% in 1990 
to 99.3% in 2011 in the United States.(32) The current estimate of life-time risk of 
PCa diagnosis and mortality is 12% and 3% respectively. 
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Figure 3. Age-adjusted prostate cancer incidence over time. 

Recent data from the United States suggest that cancer mortality is on the rise again 
due, possibly, to reduction in routine PSA testing (see section “Pathologies of the 
Prostate – PSA screening”).  

There are well-established prostate cancer risks such as age, ethnicity and familial 
history being the most studied. The incidence of PCa increases significantly 
beginning at 45 – 50 years of age and peak at 70-74 years of age (Figure 4). Race 
is also a significant risk factor of PCa mortality with African American men having 
nearly two-fold the mortality rate compared to their white counterpart even after 
adjusting for socioeconomic status(33). Familial history also modifies PCa risk with 
diagnosis of one or more immediate family member, e.g brother or father 
significantly elevating the relative risk to greater than 2-fold.(34-36) The 
combination of race and familial history suggest a large component of PCa risks is 
due to genetics. Indeed, a recent epidemiological study of monozygotic and 
dizygotic Nordic twins with an median follow-up of 32 years suggested that prostate 
cancer has a strong inheritability component accounting for 57% of prostate cancer 
incidence at 100 years of age.(37) Single nucleotide polymorphism (SNP) identified 
by genome-wide association studies (GWAS) also pointed to overwhelming 
contribution of SNPs towards PCa development.(38) Furthermore, mutations in 
DNA repair proteins such as BRCA1, BRCA2, CHEK2 and ATM can lead to the 
development of aggressive PCa at an early age.(39-41)  
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Figure 4. Figure 2. Prostate cancer incidence at different age.  

In addition to genetic component, epidemiology studies have also demonstrated that 
extrinsic factors play an important role. Men of African descent or Asian descent 
living in different parts of the world display varying incidence compared to their 
country of origin, suggesting that diets, screening or other extrinsic factors do 
contribute to PCa incidence.(42) Indeed, epidemiological studies of diets high in 
saturated fat or b-carotene have been shown to increase risk for PCa.(43) 
Consumption of soy proteins or lycopene, abundant in tomatoes, have been 
associated with the reduction of PCa risks.(44) Separately, meta-analysis 
investigating the relationship between alcohol consumption with PCa and smoking 
with PCa revealed a dose-response association of the two habits and PCa 
mortality.(45, 46)  

Pathologies of the Prostate – Prostate cancer, diagnosis 
and grading 
There are many subtypes of PCa. They can be broadly categorized into 
adenocarcinoma (originates from the epithelium of the acini or ducts) and non-
adenocarcinomas (sarcomas, neuroendocrine, small cell, transition cell carcinoma 
and squamous cell carcinoma) based on cell origin. Each of those subtypes is 
defined by different characteristics such as aggressiveness or presence of AR but 
owning to the large proportion of diagnosed PCa being adenocarcinomas (>99%), 
we will focus our discussion of PCa exclusively on prostate adenocarcinoma and 
use the term PCa and prostate adenocarcinoma interchangeably unless otherwise 
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stated. For additional insights into the rare subtypes of PCa, refer to the following 
reviews.(47, 48) 

The development of PCa is a slow process often requiring decades whereby genetic 
and epigenetic alterations accumulate. Approximately 75% of detected PCa arises 
from the peripheral zone while 20% stems from the transition zone.(49) They are 
usually suspected as a result of routine DRE or PSA testing (see section: Pathologies 
of the Prostate – PCa Screening) and confirmed by extended sextant (10 – 12 cores) 
Bx. In the early stages, PCa are presented as atypical lesions known as prostatic 
intraepithelial neoplasia (PIN) before possibly progressing to prostatic carcinoma. 
PIN usually occurs as multifocal lesions in 60% - 90% (50) of the case and is thought 
to arise independently (51, 52). They can be sub-divided into three-grades, grade 1 
(mild), grade 2 (moderate) and grade 3 (severe), the latter two are considered “high 
grade” PIN or (HGPIN) with high likelihood of progressing into adenocarcinoma. 
The transition from HGPIN to PCa occurs when lesion breach the basal cell layer 
and basal membrane into the stromal component of the prostate (Figure 5). When 
the tumors are locally confined within the prostate, i.e. no identifiable tumors in 
lymph nodes or distant organs, the survival rate is ~100% at 5 years however once 
tumors disseminate into distant organ, it is considered incurable with survival rate 
of 30% at 5 years.(32) Therefore, the clinical diagnosis and management of PCa can 
benefit from biomarkers in two ways. First, screening in order to identify the 
presence of high-risk PCa and therefore requiring prostate Bx for confirmation. 
Second, the use of biomarkers post-Bx to assess the likelihood of PCa progression 
and therefore requiring clinical intervention. Third, monitoring PCa treatment 
response. 

 

 

Figure 5. Illustration of normal prostate epithelial cells (blue) on top of basal cells (beigh) adjacent to the 
basal membrane (dashed line). Proliferating neoplastic epithelial cells (purple) form high grade prostate 
intraepithelial neoplasia  on the left (HGPIN) and invasive epithelial cells (red) forming prostate cancer to the 
right. 
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Pathologies of the Prostate – PCa genomic alterations 
The extensive integrated-omics characterization of primary PCa in recent years had 
revealed distinct genomic features of PCa. In all, epigenetic alteration, copy-number 
alterations (CNA), complex chromosome rearrangement with low rate of point 
mutations are defining characteristics of PCa. One of the hallmark of PCa is the 
fusion of downstream AR-regulated genes with transcription factors of the E26 
transformation-specific (ETS) family i.e. TMPRSS2:ERG fusion being the most 
common via the chromosomal deletion of 21q22.2-3.(53-55) Other pathways 
commonly dysregulated in PCa include DNA repair, PI3K, P53 and MYC. The PI3K 
pathway includes the tumor suppressor, PTEN and the PIK3CA kinase that are found 
to be mutated at an estimated 25% - 70% of primary PCa and 74% - 100% of 
metastatic PCa.(55, 56) The large incidence of PI3K pathway alteration suggested 
that it could be actionable. P53, a well-established tumor suppressor gene, is 
commonly inactivated in PCa at 5 – 40% of the localized tumors with deletion being 
the dominant mode of inactivation. Other rare mutation events such as SPOP (11%), 
FOXA1 (3%), IDH1 (1%) and others (26%) are observed in local PCa that is 
associated with distinct genomic alterations.(55) Separately, miRNA expression can 
be distinguished between ETS altered and wildtype primary PCa tumors. 

The androgen axis is a central therapeutic target of PCa. Interestingly, studies 
showed that treatment naïve PCa harbor low level of AR alteration in comparison 
to metastatic castration-resistance PCa (mCRPCa).(55, 57, 58) The high level of AR 
alteration observed in mCRPCa is induced by the androgen deprivation or anti-
androgen treatments. The selection pressure drives AR amplification and missense 
mutation that renders it ligand promiscuous or ligand independent. Other genes 
related to androgen signaling axis, such as AR coactivators, NCOA2 and AR-
associated transcription factor FOXA1 are also found to be mutated in mCRPCa.(59) 
Frequent CNA of P53 and Rb1 tumor suppressors and activating mutations of 
PIK3CB, PIK3R1 is also associated with mCRPCa.(60)  

Pathologies of the Prostate – PSA screening 
PSA testing has been performed for nearly three decades beginning in the 1990s. 
The routine screening of PCa by PSA assay has been controversial. Systematic 
review of RCT of population-based total PSA screening in the USA (U.S. Prostate, 
Lung, Colorectal and Ovarian Cancer Screening Trial; PLCOS) and the UK (Cluster 
Randomized Trial of PSA Testing for Prostate Cancer; CAP) have concluded no 
benefit in overall survival (OS) (61, 62) or 27% reduction in PCa mortality at 13 
years-median follow-up in the European Randomized Study of Screening for 
Prostate Cancer (ERSPC) trial (63) or 42% risk reduction in the Göteborg Trial (64). 
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Part of the confusion stems from the fact that the participants of the PLCOS and 
CAP trials had undergone prior PSA testing before enrollment which reduced the 
incidence of high grade PCa in those cohorts. In addition, early efforts to estimate 
the number needed to screen (NNS) and the number needed to treat (NNT) to save 
one life yielded 1254 and 43 respectively at 9 years.(65) The disappointing results 
led the United States Preventive Service Task Force (USPSTF) to recommend 
against the use of PSA as a general screening tool in 2012. Since then, PSA 
screening have been reduced by 9% in the USA.(66, 67) The consequences of the 
refrained use of PSA screening led to a moderate increase in distant stage PCa 
mortality (68) while other studies concluded that the clinical stage of PCa is higher 
on initial Bx (cT > 2b) in the post-USPSTF recommendation era (69). Consistent 
with the previous observation, the incidence of metastatic events observed in the 
active surveillance (AS) arm compared to the treatment arm (radiotherapy or radical 
prostatectomy) increased at 10 years.(70)  

There is no doubt that PSA screening save lives in the long run.(71) The ERSPC 
trial, now with greater than 13 years of follow-up time had revised the NNS and 
NNT for PSA screening (Table 3)Error! Reference source not found.. With the 
longer follow-up time from 9 to 13 years, the NNS and NNT both decreased by 
nearly 50% and the benefit of screening 

Table 3 
Number needed to screen (NNS) and number needed to treat (NNT) to save one life data from the European 
Randomized Study of Screening for Prostate Cancer Study.(65) 

Years of follow-up Number needed to screen Number needed to treat 
9 1410 48 
11 979 35 
13 781 27 

 

becomes more apparent. Thus, the net benefit of PSA screening will increase with 
longer follow-up time. It is now understood that the use of PSA screening should be 
a joint decision between the patient and their physician after informing the former 
of the benefits and risks given their susceptibility factors and life-expectancy (see 
section: Pathologies of the Prostate – Epidemiology of prostate cancer and risk 
factors).  

Pathologies of the Prostate – PSA  
The majority of serum PSA (80% – 90%) (72) exists covalently complexed to the 
a1-antichymotrypsin protease inhibitor (ACT; together known as cPSA) or as free 
PSA (fPSA; 10% - 20%) in an precursor (also known as proPSA), active or inactive 
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form.(73) PSA can also be complexed with a2-Macroglobulin (A2M) but because 
there is no accessible epitope to PSA, this form of complexed PSA is not detected 
in the clinic.(74) The combined fPSA and cPSA is known as total PSA (tPSA). 
Different permutations of PSA are used for the risk assessment and treatment 
monitoring of PCa (Table 4).  

Table 4 
Additional PSA-based assays for PCA risk stratification 

PSA assays Measurements 
%fPSA fPSA/tPSA 
PSA-specific reference ranges Age-specific PSA range reference 
PSA velocity Rate of tPSA increase 
PSA doubling time Doubling time of PSA (months) 
PSA density PSA level/prostate volume 
PSA-based nomograms Multiparametric risk score: age, family history, DRE, prostate volume and tPSA 
PSA glycoforms PSA glycosylation form 

 

tPSA display remarkable sensitivity (0.78 – 1.00) for PCa however, it is limited by 
low specificity (0.06 – 0.66) as conditions such as prostatitis, BPH, prostate Bx and 
PCa have been shown to affect PSA level.(75) Studies have shown clear 
concordance between PCa risks and PSA level.(76) However, there is a PSA range 
between 1-10 ng/mL, the “grey zone” where PSA level cannot predict PCa on Bx 
accurately (76) though clinically significant PCa (Gleason ≥7) have found been 
found.(77) In or near this PSA range, fPSA/tPSA or other FDA-approved assays 
such as the four kallikrein score (4Kscore), Prostate cancer antigen 3 (PCA3) and 
Prostate Health Index (PHI) can aid in the PCa risk assessment and therefore reduce 
the need for unnecessary Bx (Table 5Error! Reference source not found.).(78) 

Table 5 
US FDA approved clinical assays for PCa risk assessment. 

US FDA approved 
Commercial Assays 

Assays Materials 

PHI proPSA, fPSA Serum 
4Kscore Intact fPSA, tPSA, klk2 and  Serum 
PCA3 PCA3 RNA, PSA RNA Post-DRE urine sediments 

  

PCa – Diagnosis and Risk Stratification 

Abnormal DRE and high PSA levels are triggers for prostate Bx. Though variations 
exist, 10 – 12 cores, TRUS-guided Bx with 18G needle in an extended sextant 
pattern parallel to the sagittal plane is the standard of care. The estimated sensitivity 
of TRUS-Bx are between 31% - 38% at finding clinically significant PCa.(79-81) 
Like all invasive procedures, prostate Bx is associated with risks of pain, bleeding 
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(10% – 84%), urinary retention (0.2% - 1.7%), erectile dysfunction and infections 
(0% – 6.3%) with rare cases of sepsis.(82) In addition, prostate Bx can exact 
psychological tolls and economic burdens on individuals and societies.(83) Thus, 
prostate Bx should only be used when clinically significant PCa is suspected.  

Prostate Bx allows for histological evaluation of tissue samples to assess risk of 
mortality from PCa. One of the best prognostic indicator for PCa is the Gleason 
score (GS) system developed in 1974 by the pathologist Dr. Ronald Gleason.(84) 
GS began as a 5-tier grade system (grade 1-5) that reflects the cellular architecture 
and differentiation state of the biopsied material but have since gone through 
significant changes. In its current usage, the GS is derived from summation of the 
two most prominent histological patterns. Therefore, GS can range from 6 – 10 (3 
+ 3 or 5 + 5). Since multiple cores are taken from the prostate, each core could be 
presented with different Gleason grade, in such case, the two dominant pattern is 
taken. The most updated guideline from the assigns GS into 5 different prognostic 
groups with different risks for biochemical recurrence (Table 6). The major feature 
is the differentiation of GS 3+4 and 4+3 which portents different risk. In clinical 
practice, risk assessment is often not performed with GS alone but in combination 
with other 

Table 6 
Gleason scores (GS) prognostic groups based on Gleason grades assignment. 

Gleason Score (GS) Prognostic Group (GS group) 
GS ≤ 6 = 6 Prognostic group I  
GS 3+4 = 7 Prognostic group II 
GS 4+3 = 7 Prognostic group III 
GS 4+4=8, 3+5=8, 5+3 = 8 Prognostic group IV 
GS 4+5=9, 5+4=9, 5+5=10  Prognostic group V 

 

parameters. There are currently a number of risk assessment models developed over 
the years that will provide a risk score for PCa but it is beyond the scope of this 
thesis; for an in-depth analysis, see (85). In clinical practice, the AUA and EAU 
have summarized risk into different levels based on PSA, clinical grade and GS or 
GS prognostic groups (Table 7).  

 

Table 7 
Risk categories produced by American Urological Association (AUA) and European Association of Urology (EAU) using 
PSA, clinical grades and Gleason score or gleason prognostic group as parameters. 

Risk Category AUA localized disease (86) EAU (87) 

Very Low Risk 
PSA <10 ng/mL & GS Group 1 & cT1-T2a & 
<34% of Bx cores positive & no core with >50% 
involved, & PSA density <0.15 ng/mL/cc PSA < 10 ng/mL & GS < 7 & cT1-

2a, Localized 
Low Risk PSA 10-20 ng/mL & GS Group 1 & cT1-2a 
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Intermediate Risk 

PSA 10-20 ng/mL | Grade Group 2-3 | cT2b-c 

Favorable:  

GS Group 1 (PSA 10-<20) | GS Group 2 
(PSA<10) 

Unfavorable:  

GS Group 2 (PSA 10-20 | cT2b-c) | GS Group 3 
(PSA < 20) 

Favorable:  

PSA 10-20 ng/mL | GS 7  | cT2b 
Localized 

Unfavorable:  

PSA >20 ng/mL | GS>7 | cT2c 

High Risk PSA >20 ng/ml or GS group 4-5 or clinical stage 
>T3* 

Any PSA  

Any GS 

cT3-4 or cN+ 

Locally advanced 
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MicroRNA 

MicroRNA (miRNA) is a class of small, regulatory noncoding RNAs of 18 – 24 
nucleotides (nt) in length that are highly conserved across plants and animals.(88) 
It was first discovered in 1993 by Lee et al. while studying the timing of larval 
development in C. elegans.(89) Today, there are over 2000 annotated human 
miRNAs with essential functions related to development and homeostasis. Given 
their role in development and tissue maintenance, it is unsurprising that tissues have 
different miRNA expressions (90, 91) and their importance can be appreciated as 
knockout of conserved miRNA can lead to embryonic or post-natal lethality in 
mice.(92)  

Biogenesis 
In eukaryotes, nascent miRNAs are canonically produced from primary miRNAs 
(pri-miRNA) which are primarily transcribed by RNA polymerase II, but also RNA 
polymerase III, in the nucleus and are several hundreds to over a thousand kilobase 
in length. The pri-miRNAs contain sequence motifs, double-stranded RNA/single-
stranded RNA junctions and hairpin structures that govern their processing by the 
DGCR8/Drosha protein complex into an approximately 70 nt stem-loop structure, 
termed precursor miRNA (pre-miRNA), with a characteristic 2 nt overhang at the 
3’-end.(93) An alternative pathway is the production of mirtrons from introns (i.e. 
miR-1003/1006/1008) through splicing. The product, like pre-miRNAs, is exported 
into the cytoplasm by Exportin-5/Ran-GTP, which recognizes the 3’-overhang, 
where it matures into miRNA after the cleavage of the stem-loop structure by the 
DICER complex. The cleavage of pre-miRNA results in a ~22 nt duplex, one strand 
of which is loaded onto an Argonaute (Ago) protein. Asymmetric retention of either 
the 5’ or 3’ strand (guide strand) in the Ago protein (guide strand) forms the 
miRNA-induced silencing complex (miRISC) while the expelled strand (passenger 
strand) is rapidly degraded. Evidence are now emerging that the strand specificity 
of Ago loading is miRNA, cell and cell-state dependent. In some cases, both the 5’ 
and 3’ strand has been observed to be active. In animals, there are four known Ago 
proteins, Ago1 – Ago4, with Ago2 having the highest tissue expression and the only 
one endowed with ribonuclease activity which enables it to cleave target mRNA 
upon full complementary binding.(94) The miRISC complex exerts post-
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transcriptional gene regulation by full or partial complementary base-pairing to the 
mRNA at either the coding region(95) or the 3’-untranslated region (3’-UTR) of the 
mRNA.(96). Silencing is mediated either by direct degradation (miR-196:HOXB8) 
(97), inhibition of translation initiation via eukaryotic initiation factors (eIFs)(98, 
99) or in majority of the time by mRNA decay (100, 101) resulting from poly(A) 
degradation at the 3’-end that ultimately affect the protein level. The later requires 
three additional interacting proteins, TNRC6, TNRC6A (also known as GW182) 
and TNRC6C.(102)  

miRNA expression, binding and target specificity 
It has been predicted that 60% of the mammalian protein coding genes are targets 
of miRNA.(103) The abundance of binding sites allows miRNA to fine-tune the 
gene expression of cells in order to maintain homeostasis. This is achieved through 
either full or partial base-pairing of miRNA-mRNA, both of which exerts different 
mechanistic repression. Regardless, the binding specificity of miRNA to targets is 
achieved predominantly at the seed region (2 – 7/8th position) of the miRNA. In 
addition, crosslinking studies identified non-canonical binding regions (13 – 16th 
position) of the miRNA that can contribute to the stability of miRNA-target 
interactions while fine-tuning target diversity within a miRNA family.(104, 105)  
Usually, full complementarity is only found in the seed region, whereas overall 
partial complementarity is enough to exert an effect on the target. This binding 
permutation allows miRNAs to target tens to hundreds of different mRNAs 
simultaneously. Post-transcriptional modification of miRNA can further increase 
the diversity of binding targets. The most commonly observed miRNA modification 
includes the alterative cleavage by Drosha or Dicer leading to the formation of 
isomiR (106), A-I editing of pri-miRNA by ADAR enzyme (107, 108) and non-
templated nucleotide addition at the 5’- or 3’-end of miRNA (109). It has been 
reported that A-I editing of pri-miRNA can completely block miR-151 maturation 
(110) or alters the binding target entirely in miR-376-5p (108) all of which has been 
shown to affect cancer progression (111). 

Regulation and Turnover 
In order to understand the role of miRNA in human diseases, the factors that affect 
its production and degradation must be understood. Under steady-state conditions, 
the turnover of mature miRNAs can range from minutes to days with turnover 
specific to each miRNA.(112) Recent metabolic pulse-labelling studies in 
Drosophila melanogaster have shown that the 42 most abundant mature miRNAs 
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can be transcribed at 700 molecules per minute and their intracellular abundance 
level is correlated to their transcription rate with the exception of mirtrons that are 
transcribed by alterative processing without DROSHA.(113) Importantly, duplex 
miRNAs are rapidly degraded unless they are loaded onto Ago. The finding is in 
agreement with previous reports that Ago proteins hold the largest reservoir of 
miRNAs and that systemic depletion of Ago can lead to global reduction of 
miRNAs.(114-116) Thus, Ago abundance can directly affect the intracellular 
miRNA abundance. Indeed, phosphorylation of Ago2 at Tyr393 by epidermal 
growth factor receptor (EGFR) or Tyr529 potentially reduces miRNA loading.(117, 
118) Interestingly, the converse is also true where miRNA biogenesis can stabilize 
Ago protein levels.(116) During target repression, Ago-bounded miRNA can be 
edited by nucleotidyl transferase that increases its instability if the complementarity 
base pairing is high. Another proposed mechanism such as sequestration of miRNA 
into exosomes has been implicated as a potential mechanism for regulating miRNA 
activity.(119)   

miRNA detection 
There are currently several quantitation methods for miRNA that differ based on 
sensitivity selectivity and cost. They include, but are not limited to, reverse 
transcription quantitative polymerase chain reaction (rt-qPCR), microarray and 
next-generation sequencing (NGS) each with their advantages and disadvantages. 
We will focus our discussion on NGS due to its excellent sensitivity, specificity, 
and ability to detect different isoforms, and due to its relevance to our work. For an 
in-depth review of other methods, refer to (120). 

NGS is based on massively parallel sequencing by synthesis. The advantage of the 
approach is the ability to interrogate different miRNA isoforms and modifications 
simultaneously with high sensitivity. However, NGS has a high initial cost and 
requires extensive bioinformatic knowledge and computational resources for 
analysis which may not be available to everyone. The initial consideration when 
applying NGS methods is the objective of the experiment which will dictate the 
depth of sequencing, number of cycles and downstream bioinformatic 
analysis.(121) Sequencing depth refers to the average number of unique reads 
covering the span of the target assembly. For miRNA, sequence with 2 – 10 million 
reads should be sufficient for differential analysis and maybe identification of 
different isoforms and miRNA editing events at high sequencing depth. The 
discovery power will depend on the abundance level of each isoform and editing 
events. As noted earlier, cost is a barrier for miRNA detection. In that regard, 
multiplexing, or pooling multiple samples with unique indexes for the analysis 
could significantly reduce cost and is a standard today.  
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For sequencing to be effective, biases must be reduced at every point beginning with 
library preparation. A sequencing library is the collection of RNAs i.e. inserts with 
3’ and 5’ adapters compatible with the flow cell. This could be accomplished by 
polyadenylation of the insert at the 3’-end or by ligation. Polyadenylation i.e. 
poly(A)-tailing and ligation based method is affected by secondary structure of 
RNA but denaturation can effectively prevent that problem.(122) Different enzymes 
have different substrate specificity, like-wise, the commonly used E. coli poly(A) 
polymerase does not favor uridine at the 3’-end of the insert. For ligation, the 
truncated bacteriophage T4 RNA ligase 2 is used. Ligation-based methods do harbor 
biases caused by the secondary structure of the inserts and insert circularization that 
lead to their dropout.(123, 124) The addition of at least three random nucleotides at 
the ligation end of the adapter can overcome the secondary structure bias that occurs 
during the ligation step. Polymerase chain reaction (PCR) of the library is necessary 
to amplify their content. During this step, biases can arise as a result of the high G/C 
content and the length of miRNAs that leads to dropout. An effective remedy is 
extending the denaturation time to allow for better strand separation.(125) For 
miRNA, post-PCR clean-up and size-selection is highly recommended in order to 
remove excess primers, reagents and more importantly primer-dimers that arise 
during initial library preparation. Another consideration should be the complexity 
of miRNA sequencing that could impact the quality of the reads. When in doubt, 
spiking in Phi-X could help increase the complexity of the libraries. 

Sequencing results in stacks of color images that needs to be reconstructed into 
nucleotide information along with sorting of samples if they were multiplexed. The 
workflow usually entails removing low quality reads, and length followed by 
adapters trimming at the 3’-end. The reads can then be mapped to genomes of 
interest which can be accomplished by different software today. Once the mapping 
is completed, it can be tabulated for follow-up analysis e.g. differential expression 
analysis. For additional information of the different approaches, refer to (126-128) 

miRNA in PCa 
Like many cancers, miRNAs have been implicated in many steps of PCa 
progression. Macroscopic analysis by microarray can differentiate cancer types 
based on miRNA expression profile i.e. PCa/breast cancer can be identified by let-
7i/ miR-27b/181b, suggesting that it could be used as disease-specific 
biomarkers.(129) On a microscopic level, functional analysis of miRNAs 
dysregulation often converges on four classical pathways of cancer such as 
apoptosis, differentiation, invasion/migration and androgen signaling. One of the 
first discovered oncological miRNA (oncomiR) miR-21 is common enriched in 
many cancers.(130) In PCa, it has been shown to target PTEN, RECK and BTG2 
which affects proliferation, androgen signaling, invasions and 
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transdifferentiation.(131-134) Many other miRNAs have since been implicated in 
PCa progression (Table 8). Notable oncogenic miRNAs include miR-32/221/222 
that impinges on cell cycle regulator such as Skp2 and p27Kip1.(135) The miR17-92 
cluster has been implicated in PCa progression by inhibiting apoptosis via STK4  by 
miR-18a.(136)  

Table 8 
Non-exhausive summary of PCa-related miRNAs. 

miRNA Function Refs 

Proliferation & Apoptosis 
Let-7a Proliferation, cell cycle and 

differentiation 
(137) 

miR-1 Tumor suspressive, cell cycle 
control 

(138, 139) 

miR-21  Promotes tumor progression (131, 133) 

miR-24 Inhibits apoptosis  (140) 

miR-32 Inhibits apoptosis  (141) 

miR-96 Autophagy, growth and metastasis (142) 

miR-182 Proliferation, inhibit apoptosis (143) 

miR-205 Inhibits apoptosis (144) 

miR-221/222 Enhance cell proliferation and 
survival 

(135) 

Invasion & Migration 

miR-21  Represses inhibitor of MMP  (145) 

miR-96 Represses cell-cell adhesion (146) 

miR-143 Inhibits MAPK pathways (147) 

miR-18a Promotes cancer progression (136) 

miR-210 Hypoxia-related (148, 149) 

Androgen Signaling 

miR-21  Promotes tumor progression (134) 

miR-34c Androgen receptor repression (150) 

miR-125b Androgen signaling and castration-
resistance 

(151) 

miR-135b Target ER, AR HIF1AN (152) 

miR-145 Negatively regulates AR (153) 

miR-183 Positively regulates PSA  (154) 
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Extracellular vesicles 

Overview 
Extracellular vesicles (EVs) are anucleate cellular products with a phospholipid 
bilayer that harbor a combination of protein, carbohydrates, nuclei acids and lipids. 
EVs biogenesis is evolutionarily conserved across the three branches of life, their 
putative function is related to adaptation and communication with the environment 
(155). EVs were first observed using electron microscopy during reticulocytes 
differentiation and was later extended to the study of B-lymphocytes and dendritic 
cells.(156) Initially, EVs were thought to be cellular debris of insignificant value, 
however, research from the past decade has proved that they are anything but 
insignificant. Today, EVs are broadly defined by two classes known as exosomes 
and microvesicles (MVs, aka ectosome or microparticles) based on physical 
properties and specific route of biogenesis (Figure 6). In-addition, apoptotic bodies 
are often considered the third class of EVs but will not be discussed further. Though 
they have different origins, exosomes and microvesicles share many physical 
properties such as size and density that challenge many of the isolation and 
characterization techniques today. Furthermore, exosomes and MVs can employ 
similar molecular processing machineries that further masquerade the two classes 
of vesicles (discussed below). In the sections below, we will discuss the biogenesis 
of EVs, its relevance in oncology and lastly, isolation and characterizations 
techniques. 
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Figure 6. Simple illustration of exosome and microvesicle biogenesis. Microvesicle biogenesis (top) is 
initiated by RNA sorting and lipid such as ceramide aggregation. Exosome biogenesis begn with invagination 
of endosome. Vesicles inside the multivesicular body (MVE) i.e. intraluminal vesicle (ILV) is destined to either 
lysosomal degradation or fusion with the plasma membrane. 

Exosomes 
Exosomes are between 50 – 150 nm in diameter and 1.12 – 1.19 g/mL (157) in 
density that originating from the endosome which is an organelle that sorts and 
trafficks molecular cargoes derived from multiple sources such as the plasma 
membrane and Golgi apparatus. Exosomes begin as inward budding of the early 
endosomal membrane to become intraluminal vesicles (ILVs) during endosome 
maturation. The ILVs within the endosome, collectively known as the 
multivesicular endosomes (MVEs) are destined either towards the lysosome for 
degradation or exocytosis via fusion with the plasma membrane to becomes 
exosomes. The production of exosomes is a dynamic process driven by cargoes and 
therefore highly enriched in specific proteins, lipids, RNA and DNA. As such, 
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exosomes content reflects the cell origin and state of the cells. The molecular 
machineries that create exosomes have only been described in detail recently but 
still not completely understood.  

Biogenesis 
For protein cargoes, the endosomal sorting complex required for transport (ESCRT) 
pathway has been the most studied. The ESCRT pathway is consisted of 30 proteins 
assembled into four complexes termed ESCRT-0 to ESCRT-III to carry out ILV 
formation during endosome maturation (Figure 6). Mono-ubiquitinylated 
transmembrane proteins on the endosomal membrane are recognized by ESCRT-0 
and aggregate with other ubiquitinylated protein-ESCRT-0 complexes. ESCRT-I 
and ESCRT-II are recruited to destabilize the local membrane structure followed by 
scission of the bud by the recruitment of ESCRT-III. The recognition of 
ubiquitinylated transmembrane proteins by ESCRT-0 is achieved by the hepatocyte 
growth factor-regulated tyrosine kinase substrate (HRS). 

HRS recruits tumor susceptibility gene 101 (TSG101), a subunit of ESCRT-I which 
leads to the association of ESCRT-II. ESCRT-III contains the protein, Snf7 that 
recruits another protein, Alix to stabilize and promote the vesicular scission. The 
assembled ESCRT proteins complex is released after scission of the bud by VPS4 
where it can then be recycled.(157) Other proteins have also been implicated in 
exosome biogenesis such as syndecan and syntenin however, whether the proteins 
are part of the essential exosome biogenesis pathways or mere cargoes that initiates 
ILVs remains unclear.(158) It is important to note that, the mechanisms of exosome 
biogenesis is highly cell dependent as in-vitro knockdown studies of the components 
in the ESCRT pathway often resulted in disparate outcomes in different cell 
lines.(157, 159-161) Other ESCRT-independent exosome biogenesis pathways 
have been observed to induce ILV formation. They include the HSC70 chaperone 
and tetraspanin family of proteins CD9, CD63, CD81 and TSPAN8.(162, 163) Due 
to their role in exosome biogenesis, the aforementioned proteins are widely used as 
markers for vesicles. 

Exosomes are highly enriched in cholesterol, sphingomyelin, ceramide and 
phosphatidylserine rendering it “rigid” in comparison to other vesicles. Indeed, 
lipids-induced exosomes biogenesis have been traced to both neutral 
sphingomyelinase 2 (nSMase) enzyme which mediates the hydrolyse of 
sphingomyelin into phosphocholine (164) and ceramide and phospholipase D2 
(PLD2) which hydrolyze phosphatidylcholine into phosphatidic acid (165). Studies 
have also revealed that ceramide can induce negative curvature at the inner leaflet 
of the endosomal membrane to initiate ILVs formation.(165)  

Like other biomolecules, RNAs are sorted into exosomes. The most studied of the 
RNA species is a class of small regulatory RNAs known as microRNAs (miRNAs, 
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see section “MicroRNA”). miRNAs can contains sequence motifs such as GGAG 
located in the 3’-end of miR-198 and miR-601 (166) or GGCU in miR-194-2-3p 
and miR-365-2-5p (167) that are selective for exosomal sorting. In addition, 
3’uridylation also distinguish the exosomal miRNA from cellular miRNA.(168) 
Other proposed sorting mechanisms include Y-Box-binding protein 1 with miR-223 
(169) or major vault protein with miR-193a(170). Separately, McKenzie et al. have 
shown that miRISC complex can be loaded onto exosome and that phosphorylation 
of Ago2 at ser387 of the miRISC complex can inhibit Ago2-MVE interaction.(119) 

The MVE trafficking to either lysosome or plasma membrane is facilitated by the 
RAB family of small GTPase proteins and SNAREs/SNAP complexes. The former 
consists of near 70 proteins with the task of vesicular trafficking while the latter 
includes vesicle-associated membrane proteins (VAMP) for vesicular fusion. Their 
expression is organelle-specific and can be found in compartments such as the 
endoplasmic reticulum, Golgi apparatus and endosomes. For exosomes, RAB5, 
RAB7, RAB11, RAB27 and RAB35 have been reported to promote exosome 
secretion at different stages of endosome maturation.(171) To target vesicles 
towards the plasma membrane, proteins such as SNARE forms complex with SNAP 
on the opposing membrane to mediate membrane fusion. VAMP7 or VAMP8 with 
SNAP-23 has been implicated in the fusion of MVE with the plasma membrane or 
lysosomal compartment. Many additional Rabs, SNAREs and SNAPs proteins have 
been shown to facilitate membrane fusion and trafficking, for in-depth review see 
(172-174).  

Microvesicles 
MVs are produced by the shedding of plasma membrane which results in vesicles 
with sizes ranging from 100 nm to greater than 1 µm in diameter. Like exosomes, 
MVs biogenesis is initiated by cargoes utilizing some of the same molecular 
machineries of exosomes biogenesis. Enrichment of lipids, proteins and RNAs have 
been observed in MVs. Lipids species such as ceramide, In MVs, local aggregation 
of ceramide can destabilize membrane leaflet. 

 The mechanisms responsible include Ca2+dependent for proteins sorting include 
ARRDC1 which interacts with TSG101 (175) and ARF6 which regulate proteins 
sorting (176). RNA sorting mechanism by has also been elucidated in glioblastoma 
derived MVs.(177) Similar to exosomes, sequence motifs CUGCC forming a 
hairpin structure at the 3’UTR of the mRNA dictates its sorting into MVs.  

EVs in diseases 
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The explosion of EV research has refined our understanding of its role under normal 
and pathophysiological condition. It is now understood that EVs can act as 
messengers to the surrounding or distant tissues. For instance, EVs released by B-
cells express MHC	 can stimulate T-cell activation.(178) In addition, EVs loaded 
with FAS-ligand, and TRAIL are secreted into the placenta as immune-repellent in 
order to protect the fetus during pregnancy.(179) In oncology, the horizontal transfer 
of EV cargoes by tumors to surrounding tissues have been implicated in nearly all 
facets of tumor progression such as altering microenvironment, initiating 
angiogenesis, immune suppression, ECM degradation, treatment resistance and 
preparing metastatic milieu in distant tissues.  

During early tumor development, the increasing metabolic demands of proliferative 
cells will, at some point, outgrow the supply of oxygen and nutrients provided by 
the vasculature. At that point, tumors such as pancreatic cancer can adapt by 
secreting EVs expressing Tspan8 that leads to endothelial cells activation and 
angiogenesis (163) or in breast cancer where MVs expressing a truncated VEGF 
that have low affinity to Bevacizumab (a VEGF inhibitor) can potently activate 
endothelial cells (180). In addition, EVs expressing transforming growth factor-b 
(TGF-b) on the surface can convert fibroblast into myofibroblast phenotype or 
cancer-associated fibroblast (CAF) in the context of cancer.(181) Myofibroblast is 
usually found during wound healing, their presence (usually determined by 
vimentin, tenascin and/or a-smooth muscle actin: aSMA staining) in cancer leads 
to angiogenesis, ECM remodeling and inflammatory response, generally known as 
a reactive stroma.(182) The transfer of miRNA such as miR-125b, to tumor stroma 
can induce CAF transition.(183) The reactive stroma observed in many cancer led 
Dvorak to famously assert that tumors are “wounds that never heal”.(184) In PCa, 
reactive stroma with collagen I staining has been observed and it is correlated with 
GS.(185) The activated stroma in turn sustain tumor progression through reciprocal 
secretions of growth factors and EVs in positive feedback cycles.(186) Recently, 
Nabet et al. have identified a novel mechanism whereby excess unshielded RN7SL1 
which serve as a damage-associated molecular pattern (DAMP) are exported into 
exosomes of breast cancer.(187) The RN7SL1 is detected by pattern recognition 
receptor (PRR) with RIG-1 after exosomal uptake by immune cell that led to the 
induction of STAT1 and NOTCH signaling that promoted metastasis.  

The role of EVs as a mode of communication between immune cells have been 
intensively studied. It is found that antigen presenting cells (APCs) secrete EVs as 
an antigen presentation intermediate that stimulate the activation of T-cells albeit at 
lower efficiency than with interaction of APC.(188-190) Thus it is not surprising 
that tumor derived EVs can also impact the function of immune cells. Studies from 
EVs derived from tumors exhibit immune-suppressive, and occasionally stimulatory 
functions. In the former, proteins such as Fas ligand, TRAIL and/or galectin-9 were 
identified on EVs that promoted T-cell apoptosis.(191, 192) In-addition, clinical 
studies have shown that high level of circulating EVs expressing PD-L1 from 
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metastatic melanoma and glioma patients can also suppress cytotoxicity mediated 
CD8+ T-cells and could potentially be used as biomarker for immunotherapy.(193, 
194) Alternatively, immune-suppression has been shown to be a result of shifting 
balance to myeloid derived suppressor cells and regulatory T-cells (Tregs) that 
inhibit the activation of CD8+ T-cells.(195, 196)  

The acquisition of a motile phenotype and invasive properties is a hallmark of 
cancer. As part of the metastatic cascade, tumor needs to degrade ECM, intravasate 
into and extravasate out of blood circulation and finally expand in the new niche. 
Tumor utilizes EVs or invadopodium as part of their escape mechanism to achieve 
local and distant invasion. EVs secreted by cancer have shown to contain exosome-
associated markers such as TSG101, RAB27a/b and ARF6 and metalloproteinases 
(MMP) such as MMP-2/9/14 which can degrade collagen-I.(197-199)	 The	
production	of	MMPs	can	be	targeted	directly	by	miRNA	such	as	miR-183(200)	
or	 indirectly	 by	 via	 secondary	 effect	 such	 as	 targeting	 the	NOTCH	 or	 EGFR	
pathway	by	miR-139/34a	(201,	202).	In-addition,	secreted	EVs	are	enriched	in	
fibronectin	 which	 is	 necessary	 for	 directional	 movement	 of	 tumors.(203)	
Invadopodium is actin-filament extension that mediates motility of tumor cells 
induced by specific external stimuli such as growth factor signaling, hypoxia and 
ECM.(204) Interestingly, invadopodium employs the same exosomes-biogenesis 
machineries to deposit expressing MMPs at the tip to promote ECM 
degradation.(205) Activated invadopodium signature is a negative prognostic 
indicator for breast cancer.(206) As part of the preparation for distant migration, 
EVs have been documented to prime the future metastatic site by educating the local 
sites such as the bone marrow via MET (207) or Kupffer cells in the liver via TGF-
b to facilitate their seeding (208). Metastatic site could also be hospital due to the 
local effects such PTEN suppression due to the horizontal transfer of EVs containing 
miR-17-92 cluster of miRNAs secreted by astrocytes in the brain.(209) 

EVs are present in all biological fluids that are readily accessible with minimally 
invasive procedure. The unique expression and function of biomolecules harbored 
by EVs make it a potential source of biomarkers. Thus, the term “liquid Bx” is given 
to EV isolation and analysis intend for obtaining prognostic and diagnostic 
information.  

EVs liquid Biopsy of blood and urine 
EVs are found in all biological fluids at different concentration and associated with 
different proteins. Studies have found miRNA profile is sufficient to discriminate 
the composition of different bodily fluids.(210, 211) The two most common 
biological fluids studied for PCa EV research are blood and urine. 



43 

Urine 
Urine from healthy individuals is composed of water, electrolytes and small 
quantities of proteins. Proteins in urine are mainly derived from plasma (< 40 kDa), 
cell shedding (48%), Tamm-Horsfall proteins (THPs, 49%), and urinary EVs 
(uEVs, 3%).(212) uEVs are specific to the urinary tract as evident by the expression 
of specific proteins such as aquaporin-2 and sodium transporters (213, 214). The 
concentration of uEVs is highly dependent on collection time of the day and the 
void fraction. uEVs concentration is usually the highest in the morning but could be 
affected by hydration, diet and medication. Thus, researchers often collect morning, 
first-void urine as they should provide the highest levels of uEVs. If morning first 
void urine is not possible, prostate massage could enhance prostatic EVs secretion 
into urine but creates additional barrier to its routine use. 

Unlike other biological fluids, uEVs are mostly associated with THPs in solution. 
THPs is a glycoprotein produced at the thick ascending limb of loop of Henle. The 
function of THP is diverse, it includes immunomodulation and activation.(215) The 
significance of THP function can be observed as mutation can lead to uromodulin-
associated kidney disease.(216) In urine, THP form a mesh-like network that traps 
bacteria such as E. coli and thereby preventing it from traveling upstream of the 
urinary tract. THP can also enmesh uEVs within their fiber network which 
effectively pellet them together at low speed.(217) Therefore, investigators 
interested in enrichment of uEVs by centrifugation should consider the effect of 
THP. The addition of DTT have been shown to liberate uEV thereby increasing the 
yield and purity of the vesicles.(218) 

uEVs have been shown to contain a wealth of biomarkers (219). Detectable levels 
of ERG-TMPRSS gene fusion, a prostate lesion marker have already been 
demonstrated from urine samples.(220) Other protein markers of prostate such as 
PSA, PSMA and TMPRSS can be detected in uEVs.(221) In addition, miRNA from 
urinary EVs has been shown to predict the presence of PCa (Table 9).(222-224)  

Table 9 
Non-exhaustive list of miRNA from urine reported to have prognostic or diagnostic value for prostate cancer 
management. 

miRNAs Isolation method Relevance Ref 
miR-1290/375 Exoquick PCa OS, AUC = 0.66 (225) 

miR-196a/143 UC PCa +/- AUC: 0.92, 0.72 (222) 

miR222/24/30c NA (whole urine) PCa +/- AUC: 0.89 - 0.95 (224) 

miR-107/574 Urine cell pellet PCa +/- AUC 0.74, 0.66 (226) 

miR-205/214 NA (whole urine) PCa +/- AUC: 0.83, 0.92 (227) 

miR-196a/501 UC PC +/-  AUC 0.69 – 0.73 (222) 

miR-151a/204/222/23b miRCURY Exosome Isolation OS: HR 1.88 (228) 
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EVs enrichment and characterization  

Overview 
It is currently not possible to identify the origin and mode of biogenesis of EVs of 
similar sizes once they are released into the extracellular space, they can only be 
inferred by their biophysical properties such as size, density and biomolecular 
cargoes as described in the previous sections.(229) But because EVs are 
heterogeneous, the choice of isolation technique will likely bias one population over 
another. Therefore, a well-established characterization and isolation technique is 
necessary to investigate the different populations of EVs, however, due to the pace 
of EV research, the discovery of novel markers and isolation techniques can out-
pace their validation.(230) This led many studies to misuse markers and 
nomenclature (231) that cumulated to a proposed set of requirements for EVs studies 
by the International society of extracellular vesicles (ISEV) (232). We will therefore 
denote the use of small EVs (sEVs) to be < 200 nm and m/l EVs (m/lEVs) to be > 
200 nm. 

Enrichment 
The choice of enrichment method can greatly affect the purity, yield and population 
of final EVs product. This is complicated by the fact that different biological fluids 
(i.e serum/plasma, urine, seminal fluids, cerebral spinal fluids, etc) have different 
properties that renders one type of enrichment more suitable than other (discussed 
by methods). Researchers interested in EVs should consider the type biological 
fluids, purity, yield requirement and downstream applications when choosing the 
appropriate isolation method. Today, the enrichment of EVs can be broadly 
categorized into sedimentation, size-exclusion chromatography (SEC), chemical 
precipitation, immune-affinity, membrane filtration and microfluidics. Each type of 
method will impact the aforementioned purity and yield to different degree. 

In order to discuss the different isolation methods, we must first discuss the non-
exhaustive source of contaminations (biological fluids dependent) during EV 
isolation, that is, particles in solution with similar size, density or biomolecules to 
EVs. EV enrichment are mainly based on size and density. Non-vesicular 
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contaminants that can overlap in those size and density range include protein 
aggregates and lipoproteins (Figure 7).(233)  

 

 

Figure 7. Illustration of the size and density overlap between extracellular vesicles, lipoproteins and protein 
aggregates. 

Sedimentation 
Sedimentation in UC is based on centrifugal force, buoyance of the particles and 
viscous drag force on the particles with larger and denser particles sediments faster. 
Therefore, the choice of rotors for UC, the density of suspension medium and 
centrifugation duration can greatly influence the precipitants, for an excellent 
review see (234). To harmonize the different rotor types, investigator should 
consider the use of k-factor to normalize their UC time to achieve reproducibility. 
Differential ultracentrifugation (UC) and its variant with or without density 
gradients proposed by Thery et al. in 2006 remains the most widely used EVs 
isolation method.(235) In the protocol, unwanted particles i.e. cells, cellular debris 
large vesicles are sequentially removed at 300xg to 10,000xg before the small EVs 
are precipitated at >100,000xg for 1 – 2 h. Washing and microfiltration with 0.22 
µm can be used on the final pellet with the benefit of increasing purity (defined as 
the number of particles/protein content) but decreasing yield, due in part to the 
formation of EV aggregates.(235, 236) This can negatively impact the downstream 
application intended for the EVs such as functional studies. Density gradient can be 
added in this setup to further resolve the subpopulation of vesicles. As noted earlier, 
UC performance is affected by viscosity, biological fluids such as serum or plasma 
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when used as whole will decrease the sedimentation efficiency of EVs due to higher 
viscosity.(237) Urine, due to the large quantities of Tamm-Horsfall proteins (THPs) 
traps small EVs will precipitate at much lower speed, thus, the standard protocol 
will lead to significantly reduction of EVs yields as well as the large level of protein 
contaminations.(218) 

The advantage of using UC for EVs isolation is yield, cost and intra-laboratory 
reproducibility. It has been well-documented that UC can yield EVs with diameter 
of 30 – 250 nm and expression of proteins such as CD9, CD63, TSG101, Alix, 
depending on source.(238) The disadvantage of UC however, includes EVs 
aggregation/integrity, low-purity, throughput and inter-laboratory 
reproducibility.(239) The final products of UC without density gradient often 
contains significant amount of proteins aggregates, nucleosomes and lipoproteins 
which will negatively impact the characterization and functional studies.(233) The 
complexity of UC also led to the use of different protocols in different laboratories 
resulting in low reproducibility.(240) Lastly, UC is labor intensive and time 
consuming, with each round of processing requiring ~4 h not including handling 
time. This reduces the translational aspect of UC where throughput and 
reproducibility are paramount.  

Size exclusion chromatography 
 Purification by SEC is separation of particles based on differences in hydrodynamic 
diameter with larger (hydrodynamic diameter) particles traversing faster than 
smaller particles through the resin. Thus, with increasing elution volume, particles 
of decreasing sizes can be enriched into different fractions. There is a lower and an 
upper limit to the sizes of the particles that can be resolved depending on the resin. 
Elution time decreases linearly to the hydrodynamic volume of the particles of 
interest.(241) The advantages of using SEC include scalability (volumetric 
requirement can be tailored by changing the diameter of the column), reproducibility 
and purity.(242) The system can further be automated via fraction collector which 
reduces manual labor and operator errors. However, SEC for EVs isolation is 
gravity-driven to preserve the integrity of the vesicles thus the processing time for 
each sample could be significant. Furthermore, if columns are reused, cleaning and 
equilibrating the column will take additional time which reduces its throughput in 
clinical setting.(241) 

 

Chemical precipitation 
Chemical precipitation of EVs remains one of the simplest, high yield and cost-
effective method of EV isolation. There are many precipitation methods based on 
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different reagents such as polyethylene glycol (PEG), protamine, sodium acetate 
and acetone, each yielding varying degree of purity. The main principle is to 
selectively reduce the solubility of EVs such that it can be collected by benchtop 
centrifuge. PEG is the most commonly used reagent for EVs research. It has been 
demonstrated on biological fluids such as serum/plasma and cell culture media.(243, 
244) Isolation of EVs by PEG is based on polymeric dehydration of water 
molecules. PEG is non-specific and thus, proteins and lipoproteins can coprecipitate 
along with EVs, making it one of the least suitable isolation methods for 
downstream proteomic analysis. EVs isolation with PEG requires little labor, it is 
added to samples followed by incubation at 4oC overnight and centrifugation. The 
combination of ease and cost makes it suitable for research purposes. However, the 
chemical precipitation requires long duration and operator involvement and not 
readily automatable, all of which makes it unlikely to be used in the clinical setting. 

Immunoaffinity capture 
Immuno-affinity capture of EVs is based on antibody fixture onto solid phase 
support follow by manipulation of the solid phase to achieve enrichment. The solid 
phase can be magnetic beads (commonly found in commercial EVs purification 
assays) or microfluidic devices. Antibody, usually CD9/63/81 are used to capture 
EVs onto magnetic or agarose beads that can be readily enriched by an external 
magnetic field or centrifugation. The critical parameter is the choice of antibody 
where affinity and non-specificity binding needs to be established. In-addition, 
because EVs display a range of different antigens at different concentration by 
different cells, the choice of antibody will greatly affect the selected EV population. 
Therefore, an understanding of the EVs subtype should be known prior to antibody 
selection and characterization. 

Immuno-affinity capture method has high cost, low yield and not readily scalable 
but generate vesicles with high purity and integrity. Thus, the method is excellent 
for vesicle characterization but ideal for in-vivo functional studies as large quantities 
of vesicles are often needed. The isolation protocol is simple but could be automated 
especially when designed as a microfluidic system.(245) Therefore, immuno-
affinity capture technique could be translated for clinical use for routine diagnosis. 

Membrane filtration 
Membrane filtration has a long history in biomedicine due to its cost and 
accessibility. The use of different pore-size membrane enables researcher to 
selectively retain particles of interest. For EV isolation, hydrostatic dialysis or 
ultrafiltration are two common methods used. Hydrostatic dialysis is excellent for 
enriching diluted EVs samples such as urine or conditioned media (CM). On the 
other hand, membrane filtration is relatively simple to use, successively smaller 
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pore-size membranes are deployed to filter out large particles until the population 
of interest is achieved. The method has been applied to uEV isolation (246) and EVs 
from FBS (247) successfully. It can be used as standalone (248) or in combination 
with other techniques such as UC (249). The disadvantage of the membrane 
filtration is the adhesion of EVs to the membrane, clogging and deformation of the 
vesicles.(238) Another membrane based method called asymmetrical-flow field-
flow fractionation (A4F) have been successfully used. A4F is based on cross flow 
patterns that selectively retain particles with different hydrodynamic diameter. It is 
considered to be milder in comparison to membrane filtration alone or UC. The 
method has been applied to studying urine samples from prostate cancer patients 
(250) and analysis of circulating miRNA carriers (251). A4F can resolve 
hydrodynamic diameter of different particles very efficiently. In one study, Zheng 
et al. could resolve large (90 – 120 nm), small (60 – 80 nm) EVs and the non-
vesicular exomeres (35 nm) population which contained different cargoes using 
A4F.(252) A4F requires significant optimization and cannot be easily applied 
elsewhere.(253) 

Today there are a large variety of sizes and type of membrane filter used for EV 
isolation which makes the technique accessible. However, it also complicates the 
effort to standardize EV isolation and reproducibility of the experiments.  

 

Microfluidics EV isolation 
Currently, the microfluidic system for EV isolation include miniaturization of the 
techniques described above i.e. immunoaffinity or filtration (sieving).(254, 255) 
Other novel techniques include nanowire microfluidic system that has been used for 
urinary EV capture and in-situ miRNA quantitation.(256) Other method achieve EV 
size separation by passive lateral displacement (257). For additional information on 
microfluidic systems for EV isolation, refer to (258, 259) 

Acoustic Trapping 
Manipulation of particles by sound was first demonstrated using an experimental 
contraption known as the Kundt’s tube in 1866. Since then application of acoustic 
waves in biological study have been quiescent until 1971 when ultrasound was 
found to induce erythrocyte separation in chick embryos.(260) Since then, the 
application of acoustics in biomedicine has exploded.  

Acoustic trapping is a label-free, microfluidic technique that capitalizes on the 
advantages of small scale, namely the compatibility with low-volume samples, 
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laminar flow profile and sensitivity.(261) Acoustic trapping is operated at resonance 
with the dimension of the acoustic resonator chosen at multiples of quarter-
wavelength (l/4) of the actuating sound wave (l). There are three forces exerted on 
particles situated in a standing sound wave, primary radiation forces, lateral 
radiation force and inter-particle forces that play a key role in acoustic trapping 
(Figure 8).(262) The primary radiation force pushes the particles to the node or anti-
node (for lower density particles relative to medium) of the acoustic waves while 
the lateral forces overcome the viscous drag forces of the moving fluid. Inter-
particle forces (aka secondary force) generated from the scattering sound field 
retains EVs (discussed later). The primary radiation force exerted on spherical 
particles much smaller than the acoustic wavelength, l can be approximated by: 

𝐹"# = −𝑉"𝐸()𝑘∅ sin(2𝑘𝑥)  (Eq) 1 

 

Figure 8. Illustration of the three forces acting on the particles in an acoustic field in an acoustic resonantor 
with height (Z-axis) equals l/2. Acoustic pressure wave (purple) with wave length l is propagating from the 
bottom to top creating an acoustic pressure node (dashed blue line). Primary radiation force (brown) acting 
on the particles in the z direction while lateral force (green) is again to push particles against flow. Lastly, 
secondary forces (orange) creates an attractive force pulling the two particles separated by distance d 
together in the y direction.  

Where Vp denotes the volume of the particle, Eac denotes acoustic energy density, k 
denotes the wave number, x denotes the position of the particle relative to the node 
and f denotes the acoustic contrast factor that can be expanded as:  

∅ = 34567589
:56;58

+ =87=6
=8

  (Eq) 2 

The acoustic contrast factor describes the aggregate difference in particle density rp 
and compressibility bp in relation to the surround medium density rm and 
compressibility bm. From equations 1 and 2, it can be observed that the physical 
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properties of the particles can directly affect the primary radiation force, i.e. with 
greater forces exerted on larger, denser and more compressible particles relative to 
the medium (positive contrast factor). As a result, the particles will move toward the 
node to minimize the primary radiation force. Conversely, if the particles have lower 
density or compressibility compared to medium then (negative contrast factor), the 
particles will move towards the pressure node. In practice, EVs with densities ~1.11 
– 1.19 g/mL and compressibility of ~ 3.5x1010 Pa-1 (263) will have a positive 
acoustic contrast and therefore move to the node while most lipoproteins will move 
towards the anti-node. 

Lateral forces arise due to the difference in acoustic energy as it propagates through 
the medium. It can be described by:  

𝐹>?@ = 𝑉A∇𝐸() C
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L   (Eq) 3 

where ∇𝐸() denotes the differences acoustic energy density across space. Note that 
the lateral force operating at the anti-node will depend on the density and little on 
the compressibility of the particles. Note that when the particles are at the node, the 
contribution of the second term, compressibility term, becomes zero and does not 
contribute to the lateral force. 

Lastly, the inter-particle forces will keep the particles clustered together. Assuming 
particles of the same size, inter-particle force is described by: 
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where a is the diameter of the particles,n(x) is the velocity field, p(x) is the pressure 
field, d is the center-center inter-particle distance and q is the angle formed by the 
imaginary line linking the two particles and the direction of the propagating wave 
and w is the angular frequency.  

The actuation of standing wave in a medium can produce bulk fluid movements 
known as acoustic streaming caused by, among many things, the dissipation of 
acoustic energy into the fluid. Acoustic streaming produces a fluid drag force on 
particles that reduces the trapping efficiency. As the particle becomes smaller (less 
than one micron), the primary, lateral and inter-particle forces diminish while drag 
force persists leading to the overall reduced trapping efficiency. To overcome this 
hurdle, Hammarström et al. exploited the use of “seed particles” to enhance the 
isolation of EVs-sized by the inter-particle forces.(261) They demonstrated that the 
100 nm particles and rod-shaped E. coli (~2µm in the long dimension) can be 
trapped with the technology. The acoustic trapping technique has since been 
developed into a commercially available system by AcouSort AB (Lund, Sweden). 
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In the current iteration, the system can be completely automated via scripting of 
commands into the software. The system is compatible with multiple plate formats 
from 24 – 96 well plates which allows user to tailor the assay for individual purpose.  

Extracellular Vesicles Quantitation 
Different isolation method above can yield different quantities, purity and 
populations of EVs. There are few methods for quantifying the concentration and 
purity of the vesicles. Like the method of isolation, they range in cost, complexity 
and detection limits. Below details some of the most commonly used systems for 
characterizing isolated EVs. 

Nanoparticle tracking analysis 
One of the first semi-quantitative method for EVs sizing and quantitation is based 
on nanoparticle tracking analysis (NTA). NTA captures the two dimensional 
Brownian motion or random diffusion of the particles illuminated by incident laser 
via a highly sensitive camera. Since Brownian motion of the particles is related to 
its hydrodynamic diameter, temperature and viscosity of the fluid, tracking the 
particles over time can reveal the diffusion pattern which then can be modelled by 
the Stokes-Einstein equation.(264) Currently, the NanoSight system manufactured 
by Malvern (UK) is the most widely used. The system can measure particles from 
107 – 109 per milliliter in concentration and a size range of 30 nm – 1 µm. In practice, 
the NTA system has been validated for particles between 30 – 200 nm (265) and 
polydisperse samples are shown to be accurately represented (266). There are 
several major limitations of NTA. The first is that it cannot distinguish vesicles from 
non-vesicular particles such as protein aggregates or lipoproteins. The second is that 
large contaminants can potentially skew the measurements as the high scattering 
intensity could overwhelm the smaller vesicles. Fluorescent labelling of the sample 
by antibody or other means could help identify the nature of the particles but because 
the unbound fluorophores remain in the medium during measurement, it can 
generate high background level. 

Transmission electron microscopy 
Transmission electron microscopy (TEM) is an indispensable method that enables 
researchers to verify the particle size distribution obtained by other instrumentations 
such as NTA. TEM is a semi-quantitative imaging technique that can visualize EVs 
with nanometer resolution. As such, the size, morphology and purity of the vesicles 
can be ascertained in great details. On its own, biological samples which are 
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composed mainly of carbon, hydrogen, oxygen and nitrogen do not readily interact 
with the electron beams from TEM. For visualization, the biological samples need 
to be fixed for structural preservation and stained such that electrons will be 
scattered by the contrast agents. Fixation does introduce artefacts such as protein 
aggregates thus, addition of immunogold labelling can be applied to increase 
specificity. One of the drawbacks of using TEM is that it is done under dehydrated 
state which means that the morphology of the vesicles may not reflect the “true” 
morphology in solution. This is evident by the “cup-shaped” vesicles that have been 
observed in the past.(156) The staining procedure can also induce artefacts into the 
images.(267) Cryo-EM can overcome the aforementioned problem, but the 
technique is more time consuming and is not wide available.  
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Hypoxia  

Overview 
Hypoxia is a result of reduced oxygen availability to below normal level (normoxia) 
in order to maintain homeostasis. The oxygen reduction can be external, such as 
changing altitude, that leads to systemic oxygen reduction or internal such as 
changes to local metabolic demand or profusion i.e. ischemia. Under normal 
atmospheric condition at sea level, the oxygen level is approximately 21% O2 (160 
mmHg) however, the peripheral tissues of human do not experience the atmospheric 
oxygen level. Instead, the highest measured oxygen level was recorded at the 
alveolar compartment, at 14.5% O2, while peripheral tissues is measured between 
3% - 7% O2 with metabolically active tissues such as the brain, prostate and liver 
having the lowest measured oxygen level near 3% O2.(268)  

During tumor development, the increasing metabolic demand of the proliferating 
cells and the increasing separation from capillaries engender hypoxic region. The 
limited oxygen availability limits the growth of the tumor to 5-10 cell layers or 100 
– 200 µm from the capillaries.(269) At that point, tumor becomes quiescent until it 
can initiate the angiogenic switch that promotes angiogenesis by secreting vascular 
endothelial growth factors (VEGF).(270) Interestingly, the angiogenic switch can 
also lead to the deregulated secretion of pro-angiogenic factors that impede proper 
neovascularization to support oxygen delivery.(271-273) Thus hypoxia is a 
common feature of cancer, its presence often correlates to worst clinical 
prognosis.(274) In prostate cancer, hypoxia have been documented clinically by 
direct oxygen measurements (275, 276), immunohistochemistry (277, 278) or 
imaging (279, 280). Its presence is correlated to earlier BCR.(281-283) 

Hypoxia sensing 
Eukaryotic organisms have developed an elegant system of sensors and effectors to 
adapt to changing oxygen conditions. In animals, the family of proteins known as 
hypoxia-inducible factors (HIFs) are the mediators of cellular oxygen sensing. The 
HIF family consists of three oxygen sensitive a subunit, HIF1a, HIF2a and HIF3a 
located in the cytoplasm and a constitutively expressed oxygen-insensitive b 
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subunits, HIF1b or aryl hydrocarbon receptor nuclear translocator (ARNT), located 
in the nucleus. HIF1a and HIF2a are the two most studied of the oxygen sensitive 
subunit and therefore we will focus our attention to them. For additional information 
about HIF3a please refer to the following review (284).  

The HIF proteins are part of the highly conserved basic helix-loop-helix-PER-
ARNT-SIM (bHLH-PAS) family of transcription factors. The HIFa subunits 
consist of bHLH DNA binding domain and the PAS domain necessary for 
heterodimerization and binding to the hypoxia-response element. The oxygen-
dependent degradation (ODD) domain is the critical region that modulates the 
stability of HIFa subunit. The N-terminal transactivation (N-TAD) domain and the 
C-terminal transactivation (C-TAD) domain are crucial for interacting with 
coactivators and confer target specific (Figure 9).(285) 

 

 

Figure 9. Schematic illustration of the protein domains of HIF1a, HIF2a and HIF1b. HIF1a and HIF2a contain 
the basic helix-loop-helix (bHLH), PER-ARNT-SIM (PAS) domain for DNA binding and heterodimerization, 
oxygen dependent degradation (ODD) domain for oxygen sensing and the N/C-terminal transactivation 
domain for interacting with coactivators and target specificity. HIF1b is similar to both HIF1a and HIF2a 
without ODD. 

Under normoxic condition, the HIFs propyl-hydroxylase proteins (PHD), PHD1, 
PHD2 and PHD3 work together to promote the degradation of the a subunit to 
prevent HIF activation. Specifically, PHDs catalyze the hydroxylation HIFs at the 
P402 and P564 proline residues on HIF1a or P405 and P531 proline residues on 
HIF2a. The process is dependent on the availability of oxygen, a-ketoglutarate and 
requires iron as a cofactor. The hydroxylation increases the binding specificity of 
von Hippel-Lindau (pVHL) protein to HIFa by 1000-fold thereby targeting it for 
subsequent proteasomal degradation.(286) During low oxygen availability or 
absence of iron cofactor, the activity of PHD is diminished and the protein level of 
HIFa is stabilized. HIFa then translocate to the nucleus where it can heterodimerize 
with ARNT to activate hypoxia response.  
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Hypoxia miRNA 
The expression of tumor miRNA are frequently altered during hypoxia.(287-289) 
HIF activation have been shown to affect the transcription of miRNA and miRNA 
clusters.(290) One of the miRNA that is the consistently up-regulated during 
hypoxia is miR-210. miR-210 has been implicated in tumorigenesis (291), 
angiogenesis (292), cell survival (293), DNA repair (294) and susceptibility to 
cytotoxic activity of T-cells (295). It is also found in EVs secreted by metastatic 
breast cancer cells where it was shown to enhance angiogenesis by suppressing 
specific genes in endothelial cells.(296) Therefore, hypoxia miRNA can potentially 
contribute to the progression of cancer. 
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The present investigation 

Paper I	:	Acoustic enrichment of extracellular vesicles 
from biological fluids 
 

Overall Aims: The general aim of this paper was to assess the performance of the 
acoustic trapping technology for extracellular vesicle (EVs) enrichment.  

 

Summary 

In this paper, we investigated the applicability of the acoustic trapping technology 
for EV enrichment in comparison to ultracentrifugation (UC). First, we determined 
the efficiency of the acoustic trapping system with polystyrene (PS) particles across 
a range of sizes that recapitulate EVs. It ranged from ~1% to 82% for 0.1 – 1 μm 
particles and demonstrated invariance to a log-fold dilution at concentrations that 
recapitulates biological fluids. Next, we investigated the use of acoustic trap and UC 
on three biological fluids, CM, urine and plasma. We found that the sufficient 
quantity of EVs could be enriched from all three biological fluids as determined by 
nanoparticle tracking analysis (NTS). Interesting, we found that overall, the size-
distribution of particle obtained from UC is larger than acoustic trapping. We then 
determine the quality of the EVs by TEM and found that they are morphologically 
round, intact and harbor EVs with sizes ranging from exosome to large vesicles 
similar to UC. We also confirmed the NTS finding that UC-derived vesicles are 
generally larger than those obtained from acoustic trapping. Interestingly, we also 
observed that the urine sample from UC contained significant Tamm-Horsfall 
proteins (THP) whereas the same was not observed in acoustic trapped sample. To 
ascertain the identity of the EVs observed by NTS and TEM, we performed 
CD9/63/81 ELISA assays on the enriched samples from CM, urine and plasma by 
acoustic trapping and UC. We found that the expression of CD9/63/81 varies 
depending on biological fluid. In CM, CD81 was the highest expressing marker 
while CD63 and CD9 was the highest in urine and plasma respectively. The 
concentration of CD9/63/81 were lower in acoustic trapped samples compared to 
UC by 2 – 12-folds but show high concordance. Lastly, we showed that microRNAs 
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(miRNAs) can be detect in the enriched samples from acoustic trapping and UC and 
protected from degradation suggesting that they are encapsulated by membrane. 

 

Discussion 

Acoustic trapping is a novel technology that could potentially revolutionize the 
isolation of EVs from biological fluids. We have discussed in the section 
“Enrichment” the current state of EV isolation and the dearth of a low-volume 
compatible and robust isolation technique today. Given the large number of 
isolation methods today, it is often difficult to find a suitable one for that functions 
well across the different biological fluids while compatible with downstream 
applications. To that end, acoustic trapping provides a robust, low-volume 
compatible and potentially automated method for the isolation of EVs in different 
biological fluids. Given the operating theory of acoustic trapping it is expected that 
different size particles will be captured with different efficiencies.(261) We 
experimentally validated this dependence with PS beads from 0.1 µm to 1 µm and 
show that the isolation of EVs in or near this size range should be feasible. At the 
0.1 µm range, we found the trapping efficiency to approximately 1%. It is important 
to note that because PS beads have lower density than sEVs, 1.05 g/mL compared 
to 1.11 – 1.19 g/mL (297), it is expected that sEVs will have higher trapping 
efficiencies compared to PS beads of the same size.  

Our finding from NTA and TEM confirmed that acoustic trapping can enrich EVs 
that are morphologically round and intact. Interestingly, NTA and UC of the EVs 
enriched by acoustic trapping are smaller across all three biological fluids tested 
compared to UC. This is unsurprising as UC is known to induce aggregation during 
centrifugation that could impact its utility for function studies.(236) Furthermore, 
abundant level of THP was observed in the urine samples from UC but not acoustic 
trapping preparation which suggesting that the latter may overcome of the 
limitations of UC. An important criteria for EVs is the display of tetraspanin, 
CD9/63/81 on the surface of vesicles. Examination of the tetraspanins from acoustic 
trapping revealed that they are present at different concentration across the different 
biological fluids and are generally lower compared to UC. As UC is known to 
induce EVs aggregation and co-isolate protein complexes, it is possible that the 
combination can lead to higher ELISA signal. In addition to protein markers, EVs 
is also known to encapsulate small RNAs such as miRNA. Our investigation showed 
that miRNAs are present and are protected by intact EVs similar to UC. 
Interestingly, unlikely the ELISA results the level of miRNAs are similar to UC.  

Together, the data demonstrated that the EVs obtained from acoustic trapping meets 
the standard of EVs ranging from exosomes to MVs by size, integrity, surface 
markers and RNA content. Compare to UC, acoustic trapping could offer a less 
laborious and potentially higher purity preparations compared to UC. 



58 

Paper II	:	A urinary extracellular vesicle microRNA 
biomarker discovery pipeline; from automated 
extracellular vesicle enrichment by acoustic trapping to 
microRNA sequencing 
 

Overall Aims: The overall aim of this paper was to establish an optimized pipeline 
for RNA isolation and miRNA sequencing that is compatible with the acoustic trap 
technique. To verify the pipeline, we assessed the concordance of the miRNA 
expression profiles between acoustic trapping and UC method as a mean of 
validation. In addition, we assessed the repeatability of the library construction from 
the acoustic trapped samples. 

 

Summary 

In this paper, we obtained 100 mL of spot urine from healthy male donor in sterile 
Falcon tube. We cleared the sample by centrifugation followed by EVs isolation 
using acoustic trapping (9.75 mL) and UC method. The isolated EVs were then 
treated with RNase to remove free circulating RNA followed by RNA isolation and 
library preparation using two, commercially available, small RNA library 
preparation methods, NEXTFlex and CATS. Using a column-based RNA extraction 
method, we estimated 0.79 ng and 138 ng of RNAs were recovered (80% and 56% 
yield) from samples derived from acoustic trapping and UC respectively. Libraries 
can be generated from an estimated 130 pg of total RNA. Sequencing results 
revealed that NEXTFlex library preparation resulted in larger number of reads 
(2.3x105 – 9.5x106) and higher miRNA content (35% - 60%) for both acoustic trap 
and UC samples compared to CATS (7.7x103 – 1.7x105 and <3% miRNA). 
Comparing the results from NEXTFlex prepared libraries, we found that the miRNA 
profile of the acoustic trap sample is highly correlated with the UC (Spearman rho 
= 0.70). Technical replicate of the libraries prepared from acoustic trapped sample 
also showed high correlation (Spearman rho = 0.81). A large number of unique 
miRNAs were found common between the two acoustic trap replicates (111/200 
and 111/190). Similarly, a set of unique miRNAs were found to be common between 
UC and acoustic trap (200/507 and 200/279 respectively). 

Discussion 

In paper I, we have shown that EVs with characteristics of exosomes and MVs can 
be isolated by acoustic trapping. In this paper, we build on our previous work to 
develop an RNA isolation and small RNA library preparation pipeline that is 
compatible with acoustic trapping. There are currently three obstacles that hinder 
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the routine use uEVs miRNA as biomarkers. The first is the lack of an efficient, 
low-volume compatible and robust method for EVs isolation. The second is the low 
abundance of RNA contained within EVs that challenge our current isolation and 
quantitation methods.(298) For example, the use of phenol/chloroform is 
incompatible with RNA isolation from minute quantities EVs.(299) The third are 
the significant biases that can arise during miRNA sequencing.(300) For example, 
biases could arise during RNA-adapter ligation (301) or during amplification (125) 
that leads to miRNA dropouts. Our pipeline overcame those technical challenges 
which enabled 80% of the total RNA to be recovered from the acoustic trapped 
samples while our library preparation method resulted in libraries with only 130 pg 
of input. Next, we assessed two library preparation methods based on either 
polyadenylation (CATS) or 4N random nucleotides ligation (NEXTFlex) and found 
that the latter produced robust reads when compared to the polyadenylation method. 
Our finding is consistent with other studies that had demonstrated the superiority of 
random nucleotides for ligation in comparison to traditional methods in reducing 
ligation biases.(302)  

The power of an experiment depends on the technical variability of the methods to 
be much less than the biological variability. Therefore, we assessed the repeatability 
of library preparation with NEXTFlex using 130 pg of RNA as input and found that 
it generated two libraries with nearly identical species. Importantly, the miRNA 
profile of the two samples showed excellent concordance. However, when we 
investigated the number of unique miRNAs, we found that the two replicates share 
only 55% – 60% of miRNA in common. The low percentages of common miRNAs 
are a result of sequencing depth. We observed that the exclusive set of miRNAs 
have lower expression compared to the common set and therefore, likely to be 
variable. As UC is the best documented EV isolation method, we compared the 
miRNA profile obtained from acoustic trapping to UC. The two methods showed 
high correlation suggesting that the miRNAs are derived from similar pool of EVs. 
However, analysis of the common miRNAs between UC and acoustic trapping 
showed that the latter could only identify ~50% of the miRNAs found in UC. We 
speculate that the result arose due to the error in quantitation as well as the lack of 
size-selection of the cDNA libraries which led to a 10-fold difference in sequencing 
depth. It is expected that with size-selection, the libraries size and concentration can 
be better estimated and therefore will overcome the challenge observed in this 
experiment. 

In this paper, we sought to overcome the limitations of EV research by developing 
a pipeline that can enrich uEVs from ~1.7 mL of urine and isolate sufficient RNA 
for small RNA sequencing. With further development of our EV isolation system 
and increasing the miRNA sequencing depth by size-selection, we expect that the 
uEVs miRNA expression could be investigated in a robust, low-volume compatible 
and automated manner in the future. 
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Paper III	:	High-throughput and automated acoustic 
trapping of extracellular vesicles from clinical prostate 
cancer urine samples 
Overall Aim: The overall aim of this paper is to investigate the role of urinary EVs 
miRNA (uEVs-miRNA) as predictive biomarker for patients with high (GS≥8) or 
low (GS ≤7) Gleason grade which includes non-detectable PCa using the pipeline 
established in paper	II.  

Summary 

In this paper, we obtained a total of 207, 1 mL first-void urine samples without 
prostate massage from Aarhus University Hospital. The PCa status of the patients 
were confirmed by 10-core Bx and includes relevant clinical parameters such as 
PSA and Gleason score but were blinded to researchers. The order of the samples 
was randomized prior to processing as described in paper	 II	 with	 minor	
modification.	Briefly,	the	samples	were	retrieved	from	-80oC	and	equilibrated	
at	RT.	To	begin	the	samples	were	cleared by centrifugation at 2000xg for 10 mins 
at RT follow by EVs isolation using 900 µL for acoustic trapping. The isolated EVs 
were treated with RNase A followed by RNA isolation, sequencing library 
preparation and finally sequencing with five, high-throughput flow cell. In all, the 
application of our pipeline resulted in high success rate from isolating uEVs and 
library preparation.	

Acoustic trapping had successfully enriched a total of 199 samples (96%) with eight 
failed due to either bubble formation in the microfluidic channel or seeding cluster 
wash-out. Samples were treated with RNase A prior to RNA isolation and library 
construction which yielded a total of 173 libraries. The libraries were pooled and 
size-selected to target miRNA species. Quality assessment of the sequencing run 
revealed that the median sample reads per flow cell are 7.7x106, 7.1x106, 8.0x106, 
7.0x106 and 8.4x106. Demultiplexing and reads alignment to the human reference 
genome resulted in approximately 9x104 – 2x107 mappable reads with an average 
length of 21 nt. Of the mapped reads, 80% aligned to protein coding, retained intron, 
processed transcript, lincRNA, antisense and nonsense-mediated decay whereas 
miRNA contributed to less than 1% of the mapped reads. We performed hierarchical 
clustering to investigate the underlying structure of the miRNA expression but 
found that it does not group according to any clinical parameters, Bx outcome, level 
Gleason score or clinical grade. To address whether miRNA expression can 
discriminate high (>7) and low (≤7) Gleason grade, we performed differential 
expression analysis, adjusting for batch effect and found that a total of 14 miRNAs 
are dysregulated in urinary EVs. The topmost up-regulated miRNAs are miR-29a-
3p, miR-4433a-3p and miR-27a-3p while the two down-regulated miRNAs are 
miR-1-3p and miR-10a-5p. In order to understand the effect of the up-regulated 
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miRNAs, we performed pathway analysis on the up and down-regulated miRNAs 
by DIANATool(303). The results revealed pathways such as ECM-receptor 
interactions, proteoglycans in cancer, pluripotency of stem cells being affected, 
ErbB signaling are affected by up-regulated miRNAs. In contrast, pathways such as 
fatty-acid biosynthesis, pyrimidine metabolism, and Hippo signaling are affected by 
down-regulated miRNAs. 

Discussion 

Prostate cancer remains the second most diagnosed cancer world-wide largely due 
to PSA screening. PSA screening does reduce PCa-specific mortality in the long run 
(304), however, it has also increased the morbidities associated with PCa diagnosis 
especially those that will not benefit from it. Thus, there is an urgent need to stratify 
high risk vs low risk patients to receive confirmatory Bx in order to spare the latter 
from unnecessary medical procedures as well as psychological and economic 
burden (83). uEVs has shown great promise as a source of biomarkers for PCa. The 
challenge thus far has been developing a high throughput and robust isolation 
method that is compatible with downstream analysis.(305) As a result, many 
investigators interested in genomics biomarkers has resorted to bulk fluid RNA 
isolation without prior EV isolation.(306-308) 

We had previously developed a uEV isolation and miRNA sequencing method in 
paper II,	but	it	has	yet	been	tested	on	a	large	scale	until	now.	In	this	work,	we	
showed	that	uEVs	can	be	isolated	robustly	from	900	µL of urine with	a	success	
rate	of	96%	using	 the	automated acoustic	 trapping	method. Including library 
preparation, 86% of all samples resulted in cDNA libraries. Thus,	 the	 failed	
samples	mainly	occur	during	library	construction	and	not	during	trapping.	At	
this	time,	we	cannot	compare	of	our	method	to	other	microfluidics-based	EV	
isolation	methods	due	to	the	dearth	of	processing	statistics.	 In-addition,	our	
analysis	 of	 the	 cDNA	 library	 concentrations	 and	 sequencing	 depth	 revealed	
that	our	methods	are	not	biased	 towards	Bx-negative	or	Bx-positive	sample	
groups.	To	our	knowledge,	this	is	the	first	time	a	high	throughput,	automated	
microfluidic	EV	enrichment	method	has	been	applied	to	clinical	samples	on	this	
scale.	 

Investigation	 into	 the	 RNA	 species	 revealed	 that	 our	 reads	 were	 derived	
predominantly	from	long	coding	and	intronic	sequences	which	points	to	their	
degradation.	 As	 a	 result,	 miRNAs	 were	 out	 competed	 by	 the	 abundance	 of	
degraded	 products	 during	 sequencing.	 Our	 previous	work	 along	with	 other	
publications	have	shown	that	uEV	miRNA	should	compose	greater	than	10%	
of	the	sequencing	reads.(222,	309,	310)	Nevertheless,	our	analysis	revealed 14 
miRNAs that are differentially dysregulated however, we caution its interpretation 
as the disparate reads in combination with a sensitive analysis likely resulted in type 
1 error. This could be observed from miRNAs such as miR-
183/100/205/223/615/99b/4433a where the dotplot showed only one or two samples 
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contributing to the differential expression of the miRNA. The result did provide 
miRNAs such as miR-1 and miR-29a have been reported previously to be a tumor 
suppressor in PCa.(311-313)Overall, our work here demonstrated that the acoustic 
trap can robustly and automatically enrich uEVs from PCa patients and that potential 
miRNA biomarkers for high grade PCa could be identified but addition work will 
be needed to validate the finding. 
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Paper IV	:	The interplay between the androgen receptor 
and Hypoxia-inducible factor 2A on extracellular vesicle 
secretion from prostate cancer cells		
 

Overall Aim: The overall aim of this paper is to explore the effect of androgen 
signalling and hypoxia on EV secretion in PCa cell lines.                     

 

Summary 

In this paper, we investigated the role of hypoxia and AR signaling on EVs 
production using four PCa cell lines, two dependent and two independent of AR. 
We explored the kinetic of EVs production in PCa cells incubated at either 1% or 
21% O2 over 96 h by harvesting conditioned media (CM) at every 24 h. We found 
that in DU145 and PC3, AR null (AR-) PCa cells, there are remarkable increase in 
EVs secretion over the 96 h period at 1% O2 while the EV secretion of 22Rv1 and 
LNCaP, AR positive (AR+) PCa cells, remain unaffected by hypoxia. Interestingly, 
we found that the cell-adjusted EVs level were much higher in AR+ when compared 
to AR- cells. We hypothesized that the differences in EVs secretion under hypoxia 
could be a result of androgen signaling. To investigate our hypothesis, we incubated 
LNCaP cells for 96 h at either normoxic (20% O2) or hypoxic condition (1% O2) 
with media containing androgen with fetal bovine serum (FBS) or androgen-
depleted medium with charcoal-stripped serum (CSS) with or without synthetic 
androgen, R1881. The results revealed that androgen depletion significantly reduces 
EVs secretion compared to FBS medium and that addition of R1881 could rescue 
EVs secretion in both normoxic and hypoxic condition. The finding was confirmed 
by knockdown of AR via small-interfering RNA (siRNA) where siAR reduces the 
EV secretion compared to control under normoxic condition. Next, we examined 
the expression of hypoxia-inducible factors (HIFs), HIF-1a and HIF-2a as initiators 
of EVs secretion during hypoxic episode. In AR- cells, the protein expression of 
HIF-1a were not observed whereas HIF-2a expressions were elevated from 24 – 96 
h of hypoxia exposure. In AR+ cells, HIF-1a was moderately increases at 24 – 48 
h but HIF-2a expression was not observed in 22Rv1 and mildly induced at 24 – 48 
h. As the induction of HIF-2a was consistent with EVs secretion in AR- cells, we 
investigated the role of HIF-2a as initiator of EVs secretion under hypoxic 
exposure. Using an VHL298, an inhibitor of Von Hippel-Lindau (VHL) tumor 
suppressor protein which prevents the degradation of HIF proteins, we observed that 
the EVs secretion is elevated in DU145 upon VHL298 treatment compared to 
vehicle control under normoxic condition. Furthermore, transduction of inducible 
mutant-HIF2A under the tetracycline promoter into LNCaP confirmed that induced 
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HIF2A expression increases EVs secretion. It has been documented that the hypoxia 
can alter the cellular miRNA and extracellular vesicles miRNA (EV-miRNA) 
content. We assess the effect of hypoxia on the cellular and EVs-miRNA expression 
of the four PCa cell lines at 96 h by next-generation sequencing. Interestingly, in 
AR- cells, we found that 15 and 39 cellular miRNAs are altered significantly in 
DU145 and PC3 cells but in AR+ cells, only 5 and 2 for 22Rv1 and LNCaP 
respectively. Overall, canonical hypoxia-associated miRNAs such as miR-210 and 
miR-30 family were consistently altered in most or all cell lines. KEGG pathway 
analysis revealed that the PI3, FoxO, TGF-b, Hippo and Wnt signaling pathways 
are affect in AR- cells. In AR+ cells, pathways associated with neurological 
pathologies such as morphine addiction, cGMP-PKG, gliomas, and prion diseases 
pathways can be observed. 

EV miRNAs were also affected by hypoxic exposure, with 15 and 1 miRNAs 
expression significantly altered in DU145 and PC3 cells respectively and 2 and 0 
miRNAs expression altered in 22Rv1 and LNCaP respectively.  

 

Discussion 

Hypoxia is generally associated with the onset of aggressive cancer. In PCa, hypoxia 
markers have been shown to be an independent prognostic marker for treatment 
resistance and survival.(281, 282, 314, 315) In our study, we sought to understand 
the impact of hypoxia on EV secretion and its cargoes using in-vitro model of PCa 
cells,. Two previous studies examining the topic had resulted in divergent results. 
In one conducted by Panigrahi et al., 1% O2 hypoxic exposure increased EV 
secretion in all tested PCa cell lines including 22Rv1, LNCaP and PC3 (316) while 
Ramteke et al. showed that 1% O2 did not altered the secretion of EVs in LNCaP 
cells (317). Our results are consistent with the latter publication where the EV 
secretion of LNCaP or generally in our work, AR+, is invariant to 1% O2. In 
contrast, AR- cells showed remarkable induction of HIF2A during the 96 h of 
hypoxia. Our data points to the transcriptional repression of HIF2A by AR or AR 
signaling as the likely explanation for the muted hypoxic response observed in both 
ours and Ramteke et al work. In line with this view, Geng et al. have recently 
demonstrated that androgen signaling can repress HIF1a induced GPI up-regulation 
during hypoxia.(318) In addition, analysis of over 19 tumor types by Bhandari et 
al. had found that PCa ranks the second lowest in hypoxia score.(287) Androgen 
deprivation therapy (ADT) can effective rescue the repression caused by androgen 
signaling during hypoxia. It is not known why HIF2A is repressed by AR in PCa. A 
possible explanation could be that HIF2A is a transcription factor capable of 
initiating dedifferentiation.(319, 320) Thus, repression of HIF2A could possibly 
prevent undesirable dedifferentiation of prostate epithelial cells.  
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Another striking finding from our results is  that AR+ cells have significantly higher 
EV secretion when compared to AR- cells.  Investigation into the role of androgen 
signaling and EV secretion revealed that androgen can positively modulate the 
secretion of EVs. ADT or knockdown of AR could reduce the EVs secretion in 
LNCaP. This finding supports the previously work by Mitchell et al. whom 
observed that ADT in patients reduces the levels of EVs in urine.(321)  

miRNA deregulation could be observed in many cancers. In our study, we explored 
the impact of hypoxia on cellular and EV miRNA expression. Interestingly, the 
miRNA expression changed little in AR+ cells whereas AR- cells resulted in 
significantly number of differentially expressed miRNA. The result is consistent 
with our earlier finding that AR+ cells may have a muted response towards hypoxia 
when compared to AR- cells. Regardless, miR-210, a hypoxia associated miRNA is 
enriched in three of the four cell lines, the two AR+ and one AR-, which suggest 
that, all of the cells do experience hypoxia. The finding also points to a possible 
alternative to detecting hypoxia in PCa through miR-210 instead of traditional 
immunohistochemistry for HIF proteins or hypoxia related proteins.  

As part of our investigation into the impact of hypoxia on miRNA expression, we 
explored the possible sorting of miRNA into EVs. Interestingly, our analysis 
showed that miR-210-5p and miR-210-3p are down-regulated in the EVs compared 
to cells in 22Rv1 and PC3 respectively. The result points to the possibility that miR-
210 might be sequestered into EVs during normoxia however, during hypoxia, 
sorting of miR-210 is inhibited which leads to accumulation inside the cells. 
Interestingly, miR-210-3p has a GGCU exosome sorting motif at the 3’-end that 
interacts with SYNCRIP.(322) Whether or not miR-210-3p is sorted via SYNCRIP 
or that SYNCRIP is prevented from sorting miR-210 during hypoxia remains 
unknown. 

This work has demonstrated that AR and HIF pathways do interact. In our model, 
AR constitutively repress HIF2A on a transcriptional level while promoting EV 
secretion under normoxic condition. During hypoxic condition, since AR signaling 
is still active, EV secretion remains unaffected. In contrast, hypoxia can potently 
initiate hypoxic response of AR- cells leading to elevated EV secretion and miRNA 
changes.  
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Conclusion and Future Perspective 

With the number of PCa cases on the rise world-wide, a personalized screening 
strategy will reduce over treatment while preventing PCa mortality. This necessitate 
the transition from identifying PCa to identifying clinically significant PCa with 
high risk of death within the life-expectancy of an individual. In that regard, PSA 
alone will not solve the problem. To mitigate the problem of overdiagnosis and 
overtreatment, additional biomarkers could help identify patients harboring high-
grade PCa and therefore requiring confirmatory Bx from those who will not benefit 
from it. The recent demonstration that EVs along with its miRNA cargoes 
contributes to disease progression suggest that it could be a potential source of 
biomarkers for PCa. However, since the hurdles for EVs isolation have yet been 
completely resolved, the translation of EVs as a clinical diagnostic tool remains 
fulfilled.  

The overall aim of this work is to demonstrate that a novel, microfluidic technique 
termed “acoustic trapping” can overcome the limitations of current EV isolation 
methods. Towards that end, we began by documenting the performance and 
applicability of acoustic trapping for EV isolation in paper I.	We	showed	that	EVs	
with	 sizes	 ranging	 from	 exosome	 to	 microvesicles	 could	 be	 isolated	 from	
conditioned	media,	urine	and	plasma	samples	by	NTS	and	TEM.	The	acoustic	
trap	enriched	EVs	are	smaller	compared	to	those	enriched	by	UC.	EV	protein	
markers	and	encapsulated	miRNAs	could	also	be	detected	from	the	enriched	
samples.	Having	established	that	acoustic	trapping	can	isolate	EVs	of	all	sizes,	
we	 then	optimized	 a	 pipeline	 tailored	 towards	miRNA	biomarker	discovery	
from	urine	 in	paper	 II.	We	showed	 that	 sufficient	RNA	can	be	 isolated	 from	
small	volume	of	urine	for	NGS	of	small	RNA.	Importantly,	the	miRNA	profile	is	
highly	correlated	to	UC	and	that	the	libraries	can	be	produced	repeatably.	In	
paper	 III,	we investigated the applicability of the pipeline for high throughput 
biomarker discovery from urine samples of PCa patients. We demonstrated that 
acoustic trapping can process 207 urine samples with high success rate. 
Investigation into the RNA content revealed abundance of degraded RNAs species 
but 14 differentially expressed miRNAs can be observed that distinguished patients 
with high and low Gleason score. Although the current processing time for urinary 
EV is sufficient for biomarker discovery, it could benefit from additional 
improvements to the processing time of uEVs. Improvements to the microfluidic 
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channel or the use of higher harmonic frequencies or increasing the power could 
reduce the processing time below two hours for 900 µL samples. 

As part of the investigation into the role of EVs in PCa, we explored the impact of 
hypoxia on EV secretion and miRNA expression in PCa cells, in-vitro. The study 
revealed that AR and AR signaling can fundamentally alter the response of PCa 
towards hypoxia. Cells with AR have a muted hypoxia response, that includes 
miRNA, while cells without it are sensitive to hypoxia. Regardless, we found that 
miR-210 is elevated in both cell lines expressing AR and therefore could be a better 
marker than HIF proteins for hypoxia.  

Taken together, our work has demonstrated that the acoustic trap is a robust, 
automated and high-throughput EV isolation platform. We hope that the instrument 
and the RNA sequencing pipeline we developed will lower the barrier for EV 
research and hopefully clinical translation of EVs. In regard to PCa, we hope that 
the deregulated miRNAs from hypoxia or high grade tumors we found from our 
experiments could help fine-tune the stratification of patients in the future. Doing 
so will reduce the number of unnecessary biopsies, and with that, overdiagnosis and 
over-treatment of PCa without sacrificing the gains of the past three decades. 
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Popular science summary 

Prostate cancer is the most common cancer among men in developed countries. That 
is, an estimated one out of every eleven men will be diagnosed with the disease 
within their lifetime. But prostate cancer is not a death sentence. In fact, many men 
above 50 are living with the disease without their knowledge of it nor are they likely 
to die as a result of it. The dilemma then becomes, what choice should one take 
when they are at risk of prostate cancer? Should they opt for a diagnostic procedure 
that entails invasive biopsy with possible side effect that includes urinary 
incontinence or should they opt for active surveillance, that is to wait but increase 
the frequency of check-ups? The choice is difficult, the first will subject an 
individual to procedures that might not benefit them within the next 5 to 10 years 
while the second leaves them living in uncertainty. However, there might be a silver-
lining? That is, if there is a way to tell patients that they are likely to have the high 
risk prostate cancer and therefore should opt for diagnostic procedure from the low 
risk individuals?  

Today, we are working on a new area of “liquid biopsy” to help clinicians decide if 
patients are likely to harbor high grade prostate cancer that require intervention and 
those that do not. The test examines a class of particles called extracellular vesicles 
(EVs) that contains proteins and genomic information within and they can be found 
in all biological fluids which renders them highly accessible for collection. EVs are 
about one thousand times smaller than the width of human hair. In that size range, 
many naturally occurring biological molecules can masquerade as EVs. The 
challenge for researchers is to isolate and purity these particles in an efficient and 
repeatable manner. 

In collaboration with faulty of biomedical engineering, we have applied a 
microfluidic technology termed “acoustic trapping” that facilitated the process of 
isolating EVs from plasma and urine samples. Acoustic trapping is based on particle 
manipulation by ultrasound embedded into a microfluidic device. Using this 
technology, we have successfully enriched EVs from human plasma and urine 
samples. Furthermore, we have optimized a method in order to study a type of 
regulatory genomic information called microRNA (miRNA) that have important 
function in human. miRNA is consistently deregulated in many types of cancer 
including prostate cancer and importantly they can be found in EVs. 
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At the current version, the system can be fully automated and do not require 
significant operator input which makes it an ideal instrument for setting that requires 
high throughput sample processing such as clinics. 

With the developed technology, we began exploring the question of whether 
miRNA found in urinary EVs can be used to predict high grade prostate cancer. We 
screened 200 urine samples from patients with or without detectable prostate cancer 
and found many candidates that could discriminate between patients harboring high 
grade and low grade prostate cancer. Though the finding is at an early stage, we 
hope to validate and translate the finding into routine clinical management of 
prostate cancer. 

As part of the effort to understand the progression of prostate cancer, we studied the 
response of prostate cancer cells under reduced oxygen level also know as hypoxia. 
Hypoxia occurs in many different tumor types. In our study, we investigated the 
change in miRNA in EVs and cells as a result of hypoxic exposure. Our finding 
suggest that prostate cancers generally do not respond to prolong hypoxic insult 
while others that lacks a critical receptor known as androgen receptor do. These 
responder cells could arise from different cell population in the prostate or from the 
prostate cancer treatment. The hypoxia responsive cells tend to secrete more EVs 
and their miRNA abundance is altered. This translate to possible more aggressive 
tumors therefore, clinical detection hypoxia could help stratify high risk patients. 
Our work had shown that thought hypoxia do exist in prostate cancer, it may not be 
easily detectable. An alternative strategy of screening for miR-210 could be more 
sensitive. 
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