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Molecular profiling of extracellular vesicles (EVs) offers novel opportunities for diagnostic applications, but the current major obstacle for clinical translation is the lack of efficient, robust, and reproducible isolation methods. To bridge that gap, we developed a microfluidic, non-contact, and low-input volume compatible acoustic trapping technology for EV isolation that enabled downstream small RNA sequencing. In the current study, we have further automated the acoustic microfluidics-based EV enrichment technique that enables us to serially process 32 clinical samples per run. We utilized the system to enrich EVs from urine collected as the first morning void from 207 men referred to 10-core prostate biopsy performed the same day. Using automated acoustic trapping, we successfully enriched EVs from 199/207 samples (96%). After RNA extraction, size selection, and library preparation, a total of 173/199 samples (87%) provided sufficient materials for next-generation sequencing that generated an average of 2 × 106 reads per sample mapping to the human reference genome. The predominant RNA species identified were fragments of long RNAs such as protein coding and retained introns, whereas small RNAs such as microRNAs (miRNA) accounted for less than 1% of the reads suggesting that partially degraded long RNAs out-competed miRNAs during sequencing. We found that the expression of six miRNAs was significantly different (Padj < 0.05) in EVs isolated from patients found to have high grade prostate cancer [ISUP 2005 Grade Group (GG) 4 or higher] compared to those with GG3 or lower, including those with no evidence of prostate cancer at biopsy. These included miR-23b-3p, miR-27a-3p, and miR-27b-3p showing higher expression in patients with GG4 or high grade prostate cancer, whereas miR-1-3p, miR-10a-5p, and miR-423-3p had lower expression in the GG4 PCa cases. Cross referencing our differentially expressed miRNAs to two large prostate cancer datasets revealed that the putative tumor suppressors miR-1, miR-23b, and miR-27a are consistently deregulated in prostate cancer. Taken together, this is the first time that our automated microfluidic EV enrichment technique has been found to be capable of enriching EVs on a large scale from 900 μl of urine for small RNA sequencing in a robust and disease discriminatory manner.
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Introduction

Extracellular vesicles (EVs) are 50–1,000 nm membrane-encapsulated particles that are secreted by outward budding or fusion of the multi-vesicular endosome with the plasma membrane. EVs contain various types of biomolecules, e.g. protein, lipids, and nucleic acids, that reflect the cell of origin and can be found in all biological fluids including blood, cerebral-spinal fluid, semen, urine, saliva, and breast milk (1). In pathological conditions like cancer, EVs have been shown to facilitate disease progression. Due to their reported disease-specific content and accessibility, EVs have been proposed as a potential new, non-invasive source of biomarkers during routine liquid biopsy (2). However, critical requirements for the introduction of EVs as a routine clinical diagnostic entity include the development of EV isolation and analytical methods manifesting efficient, robust, reproducible, high-throughput performance, and ease of use. Currently, ultracentrifugation with or without cushion gradient remains the standard isolation technique. However, the use of ultracentrifugation in a clinical setting is hampered by the labor, volume, and time requirement. There are a number of commercial and published methods for EV enrichment such as size-exclusion separation (qEV), polymer precipitation (Exoquick), membrane filtration, affinity-based purification, and microfluidics based separation, but many are not suitable for clinical translation due to long incubation time (Exoquick) or cost (immuno-affinity based purification) (3, 4). The number of automated EV isolation methods remains few (qEV, membrane filtration, iDEP), has yet to be tested on large scale, or is not low sample-volume compatible (3, 5–8). We have developed a non-contact and automated enrichment technology termed “acoustic trapping” that operates on the principle that particles in suspension will interact when exposed to ultrasound in a manner that results in their aggregation and retention against fluid flow (9). We have previously shown that the acoustic trapping technology can enrich EVs of all sizes from biological samples such as plasma or urine using a half-wavelength acoustic resonator setup (10, 11). In addition, we have utilized an optimized pipeline to interrogate miRNA expression from urinary EVs by next-generation sequencing (12).

The notion of overdiagnosis and overtreatment of prostate cancer (PCa) is gaining recognition, as indolent forms that never impact longevity or quality of life are found to increase with age (13). Hence, a major challenge is the selective detection and management of lethal forms of PCa at very early and curable stages. A supplemental biomarker that can stratify patient with likely aggressive PCa is urgently needed as current criteria to determine who should receive surveillance are imprecise leading to delay in treatment of aggressive PCa requiring immediate intervention and overtreatment of men who do not benefit from curative treatment. In that regard, urinary EVs have shown early promise as a non-invasive source of biomarkers. The contribution of EVs released into the urethra from the prostate gland via the prostatic duct is supported by the presence of prostate specific markers such as TMPRSS2:ERG fusion and PCA3 in urinary EVs (14, 15). In-addition, miRNA obtained from urinary EVs of men with PCa have demonstrated prognostic performance (16, 17). Aiming to reduce overdiagnosis and overtreatment, we leveraged our previous EV isolation work based on access to urine samples with clinical and histopathologic data from a well-annotated prostate biopsy cohort to identify miRNA biomarkers from urinary EVs that can stratify patients likely to have high grade PCa from those harboring low grade PCa.



Materials and Methods


Patient Cohort

The patient cohort consists of first void morning urine from 207 men who, on the same day, were subjected to transrectal ultrasound-guided biopsy of the prostate due to suspicion of PCa. All patients were previously biopsy (Bx) naïve; the majority had ≥10 Bx cores where samples from 60 patients showed no histopathologic evidence of cancer in any of the needles, and 147 were PCa-positive Bx, i.e. PCa present in at least one needle. Forty-six of the PCa-positive samples had Gleason score greater than or equal to eight (ISUP Grade Group [GG] four or higher). Prior to the same day appointment for biopsy, patients collected urine at home in a 50 ml Falcon tube with a Stabilur™ tablet. The urine was centrifuged at 500 × g for 5 min with the supernatant being transferred to a new tube and cryopreserved at −80°C at the Department of Urology, Aarhus University Hospital, Denmark and later shipped on dry ice to Lund University, Sweden. Cohort data are summarized in Table 1 and Supplemental Table 1 with additional details documented in Fredsoe et al. as cohort 4 (18). Upon arrival and prior to processing, sample order was randomized to minimize processing bias. In addition, the investigators were blinded to the clinical and histopathological status of all patient samples until next generation sequencing had been completed.


Table 1 | Patient characteristics showing median age, serum PSA, pre-biopsy digital rectal examination (DRE) status, clinical stage, Gleason grade from biopsy and number of positive needles stratified as biopsy-positive (Bx-positive) versus Bx-negative groups or as Gleason grade ≥ 4 versus Gleason grade ≤ 3.





Sample Processing and EV Enrichment

Urine samples of 1 ml were processed as illustrated in Figure 1A. Briefly, undiluted cryopreserved urine was equilibrated to room temperature and centrifuged at 2,000 × g for 10 min to remove cells and cellular debris prior to acoustic enrichment. Next, patient samples were split into two 450 µl fractions and aliquoted into a 96-well plate for EV isolation by acoustic trapping. A script containing the operating parameters such as ultrasonic frequency (4.2 Mhz), peak-to-peak voltage (10 Vpp), flow rate (15 μl/min), total volume acquisition (900 μl total trapped in two equal fractions), and sample location was used to automate the AcouTrap system (AcouSort AB, Sweden). Next, the ultrasonic transducer was powered to trap 12 µm seed particles followed by washing to remove excess particles (Figure 1B). Urinary EV enrichment was performed on the trapped seed particles cluster followed by washing and elution in 60 µl of PBS. After trapping, two processed fractions from the same sample were pooled and stored at −80°C until RNA isolation. Additional samples were split and loaded onto new wells of the 96-well plate such that acoustic trap can continuously process the added urine samples until the capacity of the 96-well plate, 32 samples, is reached. To ensure the performance of the AcouTrap, quality control was performed daily by trapping 290 nm polystyrene beads (Bangs Laboratory). A performance of 10% trapping efficiency or above was accepted.




Figure 1 | Urinary extracellular vesicle (EV) isolation and processing workflow. (A) Schematic of workflow beginning with urine sample randomization, automated EV isolation by AcouTrap, RNA isolation, small RNA library preparation and finally sequencing. (B) Illustration of acoustic trapping steps. From left to right, ultrasonic transducer coupled to microfluidic channel where sample flows. Seed particles (12 μm) that will serve as anchors for vesicles are trapped. Next, samples containing vesicles are aspirated through the seed cluster where EV enrichment occurs. After sample aspiration, seed cluster with enriched EVs is washed with PBS and lastly dispensed into designated well.





RNA Isolation and Library Preparation

Enriched EVs were thawed on ice and treated with 10 μg/ml of RNase A at 37°C to remove free circulating RNA. As a positive control for the RNase activity treatment, total RNA isolated from PC3 cell line was also treated in parallel with RNase A. Next, total RNA was isolated using single cell RNA isolation kit (Norgen) per manufacturer’s protocol with β-mercaptoethanol added during the lysis step. RNA eluted from the column was transferred immediately for small library preparation using NEXTFlex library preparation kit (Perkin-Elmer, USA) using a minor modification of the manufacturer’s protocol. Briefly, 10.5 µl of eluent from each sample was ligated with the 3′adapter overnight at 16°C. Excess adapters were removed and inactivated followed by 5′adapter ligation, cDNA synthesis, and 28 cycles of PCR amplification. Libraries were cleaned and size-selected (approximately 140–160 bp) by BluePippin system using 3% agarose gel cartridge (Sage Science, USA). We used the Qubit DNA HS assay (Thermo Scientific, USA) and Bioanalyzer DNA HS chip (Agilent, USA) to quantify cDNA concentration and size, respectively. cDNA libraries were pooled and sequenced on the NextSeq 550 system (Illumina, USA) using five high-output 500/550 flow cell single-end, 75 bp reads.



Data Processing and Analysis

Sequencing results were de-multiplexed using bcl2fastq (version v2.20.0.422). The 3′adapter was trimmed and sequences less than 15 nt in length were removed using cutadapt per NEXTFlex manufacturer’s instruction. Additional filtering and mapping were performed using ExceRpt, a previously reported pipeline (10). Briefly, low-quality, low-complexity reads and contaminants were removed. The remaining reads were mapped to human reference genome (hg38) with one-mismatch using STAR alignment software yielding small RNA counts not including those mapped to rRNAs. Differential expression analysis was performed using DESeq2 on samples grouped into Gleason high (GG4 and GG5) compared to Gleason low (Bx-negative and GG1–GG3) with batch effect accounted for. Differentially expressed genes are filtered based on the criteria of log2 fold change of less than −1 or greater than 1 and an adjusted P-value of less than 0.05 (see Supplemental Method for Rscript) (19). All downstream data analysis was performed using R statistical environment version 3.4.3 and RStudio version 1.2.5001.




Results


Patient Characteristics and Sample Collection

The patient cohort consisted of urine samples from 60 men with ≥GG4 and 147 men with ≤GG3 or biopsy-negative (collective denoted as ≤GG3) (Table 1). The median age of the ≥GG4 and ≤GG3 were 68.8 (Interquartile range, IQR: 64.3–72.9 years) and 64.8 years (IQR 58.7–69.2 years), respectively, at the time of biopsy, and the median serum PSA levels were 9.1 (IQR 6.1–18.6 ng/ml) and 7.0 ng/ml (IQR 5.3–10.6 ng/ml), respectively. Comparison of the two group’s age and serum PSA level showed significant difference by non-parametric Mann–Whitney (P = 0.004 and P = 0.004, respectively).



EV Enrichment, RNA Isolation, and Library Preparation

Prior to EV enrichment from urine samples, trapping assessment was performed on the AcouTrap using 290 nm polystyrene beads to ensure proper function (Figure 2A). Over the period of operation, the trapping efficiencies were 19.7 ± 6% (mean ± s.d.) with a coefficient of variation of ~30%. Analysis of the trapping variations revealed that it is a result of using three different acoustic trapping units throughout the experiment (data not shown). Overall, a total of 199 out of the 207 samples (96%) were successfully enriched by the acoustic trap. Eight samples (six Bx-positive and two Bx-negative) failed due to the presence of air bubbles in the resonant cavity or seed cluster washout during trapping. Statistical testing revealed that trapping failures were homogeneously distributed between samples with ≥GG4 and ≤GG3 (P > 0.05, Wilcoxon Signed-Rank Test). Library preparation from total RNA resulted in a total of 173 (87%) of the 199 samples with quantifiable cDNA by Bioanalyzer (Figure 2B). The resulting 173 samples consisted of 46 patients with ≥GG4 PCa and 127 patients with ≤GG3 PCa as well as Bx-negative samples. The median age of patients with ≥GG4 and ≤GG3 was 68.8 (IQR 64.5–73.1 years) and 66.3 years (IQR 60.8–70.5 years) and the PSA levels were 11.3 ng/ml (IQR 6.8–28.6 ng/ml) and 7.7 ng/ml (IQR 5.9–14 ng/ml), respectively. Non-parametric analysis by Mann–Whitey revealed significant difference in age and PSA level between patients with ≥GG4 and ≤GG3 (P = 0.014 and P = 0.006, respectively).




Figure 2 | Extracellular vesicle isolation and library preparation. (A) Quality control performed daily on the AcouTrap with 290nm polystyrene beads illustrating the stability of the instrument. The trapping efficiency’s mean and standard deviation were 19.7 ± 6% with C.V. of 31%. (B) Histogram of small RNA library concentration between sizes of 140–160 nt as quantified by Bioanlyzer. The median concentration of the samples is 11 nM and an interquartile range of 29 nM. (C) cDNA library profile after sample pooling and size selection. Fluorescent peak around 151 nt corresponding to inserts of approximately 20 nt in length flanked by 5′ and 3′adapters. The final concentrations of the pools, noted as FC1–FC5, are 0.52, 0.56, 0.21, 0.23, and 0.6 nM between 140 and 160 nt.



The first-quartile, median, and third-quartile concentrations of the prepared sample within 140–160 nt (corresponding to approximately 10–30 nt inserts) were 11, 21, and 40 nM, respectively, with an interquartile range of 29 nM. Pooling of the libraries into five aliquots followed by size selection resulted in peaks ranging from 149 to 152 bp for the five aliquots (Figure 2C). The peak sizes corresponded to inserts of 19–22 nt in length. The final concentrations of the pools (FC1–FC5) were 0.52, 0.56, 0.21, 0.23, and 0.6 nM in the size range of 140–160 nt.



Sequencing Results

The sequencing of the 173 samples in five high-output flow cells resulted in a total of 1.5 × 109 reads with 301 to 398 × 106 passing clusters per cell, and 7.7 × 106, 7.1 × 106, 8.0 × 106, 7.0 to 8.4 × 106 median reads for each flow cell (Figure 3A). To determine if differences existed in the distribution of reads (before alignment) between ≥GG4 groups and ≤GG3, we compared the two by Mann–Whitney non-parametric analysis and found that they were not significantly different (Figure 3B). The number of mappable reads ranged between 9 × 104 and 2 × 107. Analysis of the mapped RNA species revealed that the average length of the reads across samples was 21 nt in length (Figure 4A), which was expected as the libraries were size selected for inserts ~10–30 nt long. Contrary to our expectations, we found that a total of 80% of the mapped reads were derived from long RNAs such as protein coding, retained intron, processed transcript, lincRNA, antisense, and nonsense-mediated decay (Figure 4B and Supplemental Table 2), whereas on average, 4 × 103 reads per sample were mapped to miRNAs. The seven most abundant miRNAs found were let-7f-5p, let-7b-5p, miR-30d-5p, let-7a-5p, miR-375, miR-92a-3p, and miR-21-5p (Supplemental Table 3). The data have been deposited in NCBI’s Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO (Data Availability Statement). To determine if the miRNA expressions in our dataset reflect the underlying clinical parameters, we performed unsupervised hierarchical clustering, but the samples did not cluster into discernible groups (Figure 5). In order to ascertain the validity of the miRNA expression profile derived from urinary EVs, we analyzed our results to the miRNA expression reported by Cheng et al. by significant correlation by linear regression (P < 0.05, Supplemental Figure 2).




Figure 3 | Sequencing results. (A) Sequencing with five high-output flow cells yielded a total of 301 × 106, 352 × 106, 398 × 106, 388 × 106, and 371 × 106 clusters passed filtering. The median reads of the five flow cells range from 7 × 06 to 8 × 106. (B) The read distribution between sample groups with Gleason grade ≥4 (green) and ≤3 (orange) is not statistically different by Mann–Whitney non-parametric analysis (P > 0.05).






Figure 4 | Aligned reads. (A) The average length of the mapped reads across sample are 21 nt in length. (B) The RNA species mapped to the human genome showed predominantly protein coding (green), tRNAs (purple), retained intron (pink), processed transcript (blue), and nonsense-mediated decay RNAs (red).






Figure 5 | Unsupervised clustering of miRNAs expression revealed no discernible patterns between clinical parameters and miRNAs.



To better address the question of whether miRNA expression can be used to stratify patients with high risk tumor, we performed differential expression (DE) analysis comparing miRNA profiles from patients with high (≥GG4, n = 46) vs. low GG and Bx-negative samples (≤GG3 and Bx-negative, n = 127). The results yielded a total of 14 significantly deregulated miRNAs after adjustment for false discovery rate (Padj < 0.05) (Figure 6 and Table 2). However, inspection of the normalized counts of miR-183, -100, -205, -223, -615, -29a, -99b, and -4433a revealed that their differential expression is likely due to a limited number of samples containing detectable reads that artificially inflated their aggregate expression in the ≥GG4 group. Thus, their presence in our differential expression analysis could be type 1 statistical error caused by the low number of reads in our samples and should be interpreted with caution. By contrast, the expression of miR-23b-3p, miR-27a-3p, miR-27b-3p, miR-1-3p, miR-10a-5p, and miR-423-3p contained detected reads in sufficient samples. In addition, we have compared the urinary EVs’ miRNA expression profile of Bx-positive and Bx-negative patients but did not observe any differentially expressed miRNAs.




Figure 6 | Boxplot showing differentially expressed miRNAs between two groups, Gleason grade 4 (≥GG4: high) and ≤GG3 with Bx-negative (low).




Table 2 | Table of differentially expressed miRNA comparing Gleason score ≥8 to the Gleason score ≤7 and Bx-negatives adjusted for batch effect.



In order to explore the possibility that our differentially expressed miRNAs are also deregulated in clinical primary PCa, we analyzed the expression level of our six curated miRNAs from above in the TCGA prostate dataset (prad, n = 497). We found that four out of the six miRNAs are significantly deregulated by Wilcoxon test (P < 0.05) with miR-10a and miR-27a enriched while miR-1 and miR-23b are down-regulated in the ≥GG4 group (Figure 7). In a similar manner, we investigated our six miRNAs in the Taylor et al. dataset, which contains normal, primary, and metastatic PCa samples (n = 141) (20). Our analysis revealed that five of the six miRNAs are deregulated with miR-423 enriched in the metastatic samples while miR-1, -23b, -27a, and -27b are significantly down-regulated in the PCa and metastatic samples by Kruskal–Wallis test (P < 0.05) (Figure 8). Next, we examined the concordance between the miRNA expression in both public datasets and found that miR-1 and miR-23b are consistently down-regulated in high grade PCa, i.e. high GG or in PCa and metastatic samples, while miR-27a is enriched in the ≥GG4 group but down-regulated in the PCa and metastatic samples. Since miR-1 is co-transcribed with miR-133a and miR-133b, we hypothesize that miR-133a and miR-133b would also be down-regulated along with miR-1. Indeed, miR-133a and miR-133b expressions are lower in high risk PCa compared to low risk PCa (Supplemental Figure 1). Interestingly, we found that miR-23b is down-regulated in tissue samples from TCGA and Taylor dataset but are up-regulated in our urine analysis, whereas miR-1 is consistently down-regulated in all three analyses.




Figure 7 | Expression of the differentially expressed microRNAs found in our analysis in the TCGA dataset grouped by Gleason grade 4 (GG4 or greater: high) versus GG3 or lower and Bx-negative (low) n = 497.






Figure 8 | Expression of the differentially expressed microRNAs found in our analysis in the Taylor et al. dataset grouped by normal, prostate cancer (PCa) and metastatic samples (Mets), n = 141.






Discussion

The past decade has unraveled a role of EVs as key players in disease progression. Thus, translation of EV content for diagnostic purposes could provide additional information for clinical management of diseases including PCa. To that end, we have shown that acoustic trapping can be scaled up for high throughput isolation of urinary EVs from patients with or suspected of PCa. We have demonstrated that our automated acoustofluidic EV isolation system, the AcouTrap, is a robust EV isolation method with less than five percent failure rates out of 207 samples. The two main mode of failures were due to bubble formation and seed cluster washout. These problems could be remediated by ensuring that temperature of the samples was sufficiently equilibrated in order to prevent bubble formation and increasing the number of fractions trapped per sample in order to reduce seed cluster washout.

At this time, it is difficult to compare the performance of our automated EV enrichment method to the published PCa EV biomarker studies that relied on hydrostatic filtration dialysis (21), differential ultracentrifugation (22, 23), or chemical precipitation (24) for enriching urinary EVs due to the dearth of information regarding their success rates and processing time. With our current instrument setup, the processing time of each sample was under 2 h with little manual labor other than dispensing the samples onto and recovering the eluent off of a 96-well plate. It is expected that with improvements to the design of the instrumentation such as the dimension of the acoustic resonator, it is possible to achieve even lower processing time thus enabling translation of EVs as a future clinical diagnostic entity. To our knowledge, this is the first time an automatic microfluidic EV isolation technique was utilized to enrich urinary EVs from clinical samples on this scale.

Harnessing urinary EVs for biomarkers could enable convenient and non-invasive approach to discriminate patients with high risk PCa. Currently, the Gleason grade is one of the best prognostic indictors for PCa risk based on the cellular differentiation pattern of PCa from biopsied materials. Studies have shown that Gleason grade group provides significant predictive power for 5-year biochemical recurrence (BCR), i.e. rising PSA after radical prostatectomy, with increasing Gleason grade group positively correlating with BCR recurrence (25, 26). Therefore, we dichotomized our patient cohort into ≥GG4 and ≤GG3 or high and low risk groups in order to determine if miRNAs from urinary EVs can differentiate the patients with high likelihood of BCR. Towards that end, we performed small RNA-sequencing on 173 urinary EV samples in order to identify potential biomarkers that can stratify patients with high or low GG. To our surprise, a large percentage of the mapped reads corresponded to protein coding RNA, lincRNA, and nonsense-mediated decay that are normally hundreds to thousands of base-pair in length. Their large representation in our reads suggested that they have been degraded during either collection or later freezing and thawing (27, 28). As a result, the degraded RNA fragments out-competed the miRNAs during cluster formation in the sequencing flow cell, thereby reducing the number of miRNA reads. In comparison, our previous work performing acoustic trapping on fresh urine samples treated with DTT showed that miRNA composed greater than 10% of the reads, which is in agreement with work by Cheng et al. (12, 29). Nevertheless, we benchmarked our minor portion of miRNAs against published miRNAs from urinary EVs from healthy subjects and found that 5 of our 12 most abundant miRNAs, miR-30a, -10a, -10b, -26a, and let-7b, overlapped with the 12 most abundant urinary EV miRNA detected in the study from Cheng et al. (29). The results provided confidence that the minor portion of miRNAs is indeed representative of miRNAs derived from urinary EVs. Therefore, we began our exploratory analysis of the miRNA data by unsupervised hierarchical clustering. The result did not conform to any appreciable order to the pathological parameters of the patients. The result is likely due to the low number of miRNA reads such that the underlying relationship between pathological characteristics and miRNAs cannot be easily resolved. However, differential expression analysis of the miRNA profiles, adjusting for batch effect, revealed a number of significantly deregulated miRNAs between samples with high and low GG. Our analysis of each differentially expressed miRNA in the cohort revealed that eight miRNAs likely arise as a result of false positive, driven by low number of reads in a limited number of samples while six are robust and not affected by any similar flaws. Published literature revealed that four of the six curated miRNAs, miR-1, miR-23b, miR-27a, and miR-27b, function as putative tumor suppressors that modulate proliferation and epithelial–mesenchymal transition in prostate and bladder cancer (30–36). The result portrays a mechanism that is consistent with literature in which tumor suppressor miRNAs are down-regulated during PCa progression (37). Interestingly, our finding that miR-23b and miR-27a are both up-regulated in urinary EVs derived from high grade PCa are contradictory to the tissue expression observed in the TCGA and Taylor datasets. The conflicting expression between tissue specimens and urinary EVs opens the possibility that sequestration of miRNAs into EVs, a previously reported mechanism, could be responsible for reducing cellular tumor suppressor concentration (38, 39) in a manner analogous to ABC transporter drug efflux pumps. Separately, our analysis detected that miR-1 is down-regulated in urinary EVs from high GG samples. The significance of miR-1 repression can be observed in high grade PCa tissue from the TCGA and Taylor datasets as well as the prognostic potential of miR-1 for PCa recurrence after prostatectomy (40). Interestingly, in contrast to miR-23b or miR-27a, miR-1 is down-regulated in urinary EVs as well as tissue samples, the aggregate of which suggests that sequestration into EVs may not be the mechanism for reducing cellular concentration. We further observed that miR-133, a family of miRNA co-transcribed with miR-1, are also down-regulated in the TCGA dataset.

One limitation of our study is that the high and low risk PCa patient groups are significantly different with respect to PSA concentration and age. As PSA concentration and age are known to correlate with high grade PCa, the finding is unsurprising but should be interpreted with caution as the differentially expressed miRNAs could be a reflection of changes in age and not the underlying pathological condition.

Together, our results suggest that putative tumor suppressor miRNAs from urinary EVs could be harnessed as diagnostic biomarkers to stratify between high and low risk PCa. Importantly, to the best of our knowledge, this is the first time that the deregulation of putative tumor suppressor miR-1 has been detected in urinary EVs. Our study potentially offers additional biomarkers for PCa stratification though additional patient cohorts with higher sample integrity will be needed to validate the finding.



Conclusion

The automated acoustic EV trapping technique, in conjunction with the previously optimized RNA sequencing pipeline, can be used to detect RNA markers in urinary EVs from 900 μl of patient samples in an efficient and robust manner revealing a number of putative tumor suppressor miRNA deregulations.



Data Availability Statement

The original contributions presented in the study are publicly available. This data can be found in the Gene Expression Omnibus: GSE166697.



Ethics Statement

The studies involving human participants were reviewed and approved by the Medical and Scientific Committee and Datatilsynet/RM. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

AK and YC conceived and designed the study in discussions with all authors. YC, TL, and HL partly supervised the project and provided funding and infrastructure. JF, KS, and MB contributed the clinical samples and accompanying data. ME provided technical support and supervision. AK executed the experiments and analyzed the data. AK and YC interpreted the results and wrote the paper. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Swedish Foundation for Strategic Research [VesicleLab], the Swedish Cancer Society [CAN 2017/559], and the Swedish Research Council [VR-MH project no. 2016-02974].



Acknowledgments

The authors would like to thank Margareta Persson for the technical support throughout this project and Minerva Li, Jeanette Valcich, and Srinivas Veerla at the Center for Translational Genomics for their excellent sequencing assistance.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.631021/full#supplementary-material



References

1. Tkach, M, and Thery, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go. Cell (2016) 164(6):1226–32. doi: 10.1016/j.cell.2016.01.043

2. Franzen, CA, Blackwell, RH, Foreman, KE, Kuo, PC, Flanigan, RC, and Gupta, GN. Urinary Exosomes: The Potential for Biomarker Utility, Intercellular Signaling and Therapeutics in Urological Malignancy. J Urol (2016) 195(5):1331–9. doi: 10.1016/j.juro.2015.08.115

3. Xu, R, Greening, DW, Zhu, HJ, Takahashi, N, and Simpson, RJ. Extracellular vesicle isolation and characterization: toward clinical application. J Clin Invest (2016) 126(4):1152–62. doi: 10.1172/JCI81129

4. Konoshenko, MY, Lekchnov, EA, Vlassov, AV, and Laktionov, PP. Isolation of Extracellular Vesicles: General Methodologies and Latest Trends. BioMed Res Int (2018) 2018:8545347. doi: 10.1155/2018/8545347

5. Merchant, ML, Rood, IM, Deegens, JKJ, and Klein, JB. Isolation and characterization of urinary extracellular vesicles: implications for biomarker discovery. Nat Rev Nephrol (2017) 13(12):731–49. doi: 10.1038/nrneph.2017.148

6. Sunkara, V, Kim, CJ, Park, J, Woo, HK, Kim, D, Ha, HK, et al. Fully Automated, Label-Free Isolation of Extracellular Vesicles from Whole Blood for Cancer Diagnosis and Monitoring. Theranostics (2019) 9(7):1851–63. doi: 10.7150/thno.32438

7. Chen, YS, Ma, YD, Chen, C, Shiesh, SC, and Lee, GB. An integrated microfluidic system for on-chip enrichment and quantification of circulating extracellular vesicles from whole blood. Lab Chip (2019) 19(19):3305–15. doi: 10.1039/C9LC00624A

8. Shi, L, Kuhnell, D, Borra, VJ, Langevin, SM, Nakamura, T, and Esfandiari, L. Rapid and label-free isolation of small extracellular vesicles from biofluids utilizing a novel insulator based dielectrophoretic device. Lab Chip (2019) 19(21):3726–34. doi: 10.1039/C9LC00902G

9. Hammarstrom, B, Laurell, T, and Nilsson, J. Seed particle-enabled acoustic trapping of bacteria and nanoparticles in continuous flow systems. Lab Chip (2012) 12(21):4296–304. doi: 10.1039/c2lc40697g

10. Evander, M, Gidlof, O, Olde, B, Erlinge, D, and Laurell, T. Non-contact acoustic capture of microparticles from small plasma volumes. Lab Chip (2015) 15:2588–96. doi: 10.1039/C5LC00290G

11. Ku, A, Lim, HC, Evander, M, Lilja, H, Laurell, T, Scheding, S, et al. Acoustic Enrichment of Extracellular Vesicles from Biological Fluids. Anal Chem (2018) 90(13):8011–9. doi: 10.1021/acs.analchem.8b00914

12. Ku, A, Ravi, N, Yang, M, Evander, M, Laurell, T, Lilja, H, et al. A urinary extracellular vesicle microRNA biomarker discovery pipeline; from automated extracellular vesicle enrichment by acoustic trapping to microRNA sequencing. PloS One (2019) 14(5):e0217507. doi: 10.1371/journal.pone.0217507

13. Bell, KJ, Del Mar, C, Wright, G, Dickinson, J, and Glasziou, P. Prevalence of incidental prostate cancer: A systematic review of autopsy studies. Int J Cancer (2015) 137(7):1749–57. doi: 10.1002/ijc.29538

14. Tomlins, SA, Aubin, SM, Siddiqui, J, Lonigro, RJ, Sefton-Miller, L, Miick, S, et al. Urine TMPRSS2:ERG fusion transcript stratifies prostate cancer risk in men with elevated serum PSA. Sci Trans Med (2011) 3(94):94ra72. doi: 10.1126/scitranslmed.3001970

15. Pellegrini, KL, Patil, D, Douglas, KJS, Lee, G, Wehrmeyer, K, Torlak, M, et al. Detection of prostate cancer-specific transcripts in extracellular vesicles isolated from post-DRE urine. Prostate (2017) 77(9):990–9. doi: 10.1002/pros.23355

16. Fredsoe, J, Rasmussen, AKI, Mouritzen, P, Borre, M, Orntoft, T, and Sorensen, KD. A five-microRNA model (pCaP) for predicting prostate cancer aggressiveness using cell-free urine. Int J Cancer (2019) 145(9):2558–67. doi: 10.1002/ijc.32296

17. McKiernan, J, Donovan, MJ, O’Neill, V, Bentink, S, Noerholm, M, Belzer, S, et al. A Novel Urine Exosome Gene Expression Assay to Predict High-grade Prostate Cancer at Initial Biopsy. JAMA Oncol (2016) 2(7):882–9. doi: 10.1001/jamaoncol.2016.0097

18. Fredsoe, J, Rasmussen, AKI, Laursen, EB, Cai, Y, Howard, KA, Pedersen, BG, et al. Independent Validation of a Diagnostic Noninvasive 3-MicroRNA Ratio Model (uCaP) for Prostate Cancer in Cell-Free Urine. Clin Chem (2019) 65(4):540–8. doi: 10.1373/clinchem.2018.296681

19. Love, MI, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):550. doi: 10.1186/s13059-014-0550-8

20. Taylor, BS, Schultz, N, Hieronymus, H, Gopalan, A, Xiao, Y, Carver, BS, et al. Integrative genomic profiling of human prostate cancer. Cancer Cell (2010) 18(1):11–22. doi: 10.1016/j.ccr.2010.05.026

21. Xu, Y, Qin, S, An, T, Tang, Y, Huang, Y, and Zheng, L. MiR-145 detection in urinary extracellular vesicles increase diagnostic efficiency of prostate cancer based on hydrostatic filtration dialysis method. Prostate (2017) 77(10):1167–75. doi: 10.1002/pros.23376

22. Foj, L, Ferrer, F, Serra, M, Arevalo, A, Gavagnach, M, Gimenez, N, et al. Exosomal and Non-Exosomal Urinary miRNAs in Prostate Cancer Detection and Prognosis. Prostate (2017) 77(6):573–83. doi: 10.1002/pros.23295

23. Rodriguez, M, Bajo-Santos, C, Hessvik, NP, Lorenz, S, Fromm, B, Berge, V, et al. Identification of non-invasive miRNAs biomarkers for prostate cancer by deep sequencing analysis of urinary exosomes. Mol Cancer (2017) 16(1):156. doi: 10.1186/s12943-017-0726-4

24. Wani, S, Kaul, D, Mavuduru, RS, Kakkar, N, and Bhatia, A. Urinary-exosomal miR-2909: A novel pathognomonic trait of prostate cancer severity. J Biotechnol (2017) 259:135–9. doi: 10.1016/j.jbiotec.2017.07.029

25. Epstein, JI, Zelefsky, MJ, Sjoberg, DD, Nelson, JB, Egevad, L, Magi-Galluzzi, C, et al. A Contemporary Prostate Cancer Grading System: A Validated Alternative to the Gleason Score. Eur Urol (2016) 69(3):428–35. doi: 10.1016/j.eururo.2015.06.046

26. Kirmiz, S, Qi, J, Babitz, SK, Linsell, S, Denton, B, Singh, K, et al. Grade Groups Provide Improved Predictions of Pathological and Early Oncologic Outcomes Compared with Gleason Score Risk Groups. J Urol (2019) 201(2):278–83. doi: 10.1016/j.juro.2018.08.081

27. Armstrong, DA, Dessaint, JA, Ringelberg, CS, Hazlett, HF, Howard, L, Abdalla, MAK, et al. Pre-Analytical Handling Conditions and Small RNA Recovery from Urine for miRNA Profiling. J Mol Diagn (2018) 20(5):565–71. doi: 10.1016/j.jmoldx.2018.04.003

28. Mall, C, Rocke, DM, Durbin-Johnson, B, and Weiss, RH. Stability of miRNA in human urine supports its biomarker potential. Biomark Med (2013) 7(4):623–31. doi: 10.2217/bmm.13.44

29. Cheng, L, Sun, X, Scicluna, BJ, Coleman, BM, and Hill, AF. Characterization and deep sequencing analysis of exosomal and non-exosomal miRNA in human urine. Kidney Int (2014) 86(2):433–44. doi: 10.1038/ki.2013.502

30. Liu, YN, Yin, JJ, Abou-Kheir, W, Hynes, PG, Casey, OM, Fang, L, et al. MiR-1 and miR-200 inhibit EMT via Slug-dependent and tumorigenesis via Slug-independent mechanisms. Oncogene (2013) 32(3):296–306. doi: 10.1038/onc.2012.58

31. Shang, A, Yang, M, Shen, F, Wang, J, Wei, J, Wang, W, et al. MiR-1-3p Suppresses the Proliferation, Invasion and Migration of Bladder Cancer Cells by Up-Regulating SFRP1 Expression. Cell Physiol Biochem (2017) 41(3):1179–88. doi: 10.1159/000464379

32. Karatas, OF, Guzel, E, Suer, I, Ekici, ID, Caskurlu, T, Creighton, CJ, et al. miR-1 and miR-133b are differentially expressed in patients with recurrent prostate cancer. PloS One (2014) 9(6):e98675. doi: 10.1371/journal.pone.0098675

33. Wan, X, Huang, W, Yang, S, Zhang, Y, Zhang, P, Kong, Z, et al. Androgen-induced miR-27A acted as a tumor suppressor by targeting MAP2K4 and mediated prostate cancer progression. Int J Biochem Cell Biol (2016) 79:249–60. doi: 10.1016/j.biocel.2016.08.043

34. Ishteiwy, RA, Ward, TM, Dykxhoorn, DM, and Burnstein, KL. The microRNA -23b/-27b cluster suppresses the metastatic phenotype of castration-resistant prostate cancer cells. PloS One (2012) 7(12):e52106. doi: 10.1371/journal.pone.0052106

35. Mu, H, Xiang, L, Li, S, Rao, D, Wang, S, and Yu, K. MiR-10a functions as a tumor suppressor in prostate cancer via targeting KDM4A. J Cell Biochem (2019) 120(4):4987–97. doi: 10.1002/jcb.27774

36. Kumar, B, Rosenberg, AZ, Choi, SM, Fox-Talbot, K, De Marzo, AM, Nonn, L, et al. Cell-type specific expression of oncogenic and tumor suppressive microRNAs in the human prostate and prostate cancer. Sci Rep (2018) 8(1):7189–. doi: 10.1038/s41598-018-25320-z

37. Dhawan, A, Scott, JG, Harris, AL, and Buffa, FM. Pan-cancer characterisation of microRNA across cancer hallmarks reveals microRNA-mediated downregulation of tumour suppressors. Nat Commun (2018) 9(1):5228. doi: 10.1038/s41467-018-07657-1

38. Kobayashi, M, Salomon, C, Tapia, J, Illanes, SE, Mitchell, MD, and Rice, GE. Ovarian cancer cell invasiveness is associated with discordant exosomal sequestration of Let-7 miRNA and miR-200. J Trans Med (2014) 12(1):4. doi: 10.1186/1479-5876-12-4

39. Temoche-Diaz, MM, Shurtleff, MJ, Nottingham, RM, Yao, J, Fadadu, RP, Lambowitz, AM, et al. Distinct mechanisms of microRNA sorting into cancer cell-derived extracellular vesicle subtypes. Elife (2019) 8. doi: 10.7554/eLife.47544

40. Wei, W, Leng, J, Shao, H, and Wang, W. MiR-1, a Potential Predictive Biomarker for Recurrence in Prostate Cancer After Radical Prostatectomy. Am J Med Sci (2017) 353(4):315–9. doi: 10.1016/j.amjms.2017.01.006



Conflict of Interest: TL and HL are founders and own stock in AcouSort AB and ME owns stock in AcouSort AB. AcouSort AB is a spin-off company from Lund University that manufactures and markets instrumentation for acoustic trapping. Unrelated to the current study, HL holds patents on assays for intact PSA (Antibody, immunoassay and method for prostate cancer detection. U.S. Patent No. US 7,872,104 B2) and a patent for a statistical method to detect prostate cancer (Methods and Apparatuses For Predicting Risk Of Prostate Cancer And Prostate Gland Volume. U.S. Patent No. US. 9,672,329 B2) commercialized by OPKO Health. HL receives royalties from sales of the test and has stock in OPKO Health.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ku, Fredsøe, Sørensen, Borre, Evander, Laurell, Lilja and Ceder. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2021.631021_cover.jpg
’ frontiers
in Oncology

High-Throughput and Automated
Acoustic Trapping of Extracellular
Vesicles to Identify microRNAs
With Diagnostic Potential for
Prostate Cancer





OEBPS/Images/fonc-11-631021-g004.jpg
Reads

e
oo
21

] E) @ %

Reads Lengih (n)






OEBPS/Images/fonc-11-631021-g002.jpg
uuuuuuuuu
oups






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        High-Throughput and Automated Acoustic Trapping of Extracellular Vesicles to Identify microRNAs With Diagnostic Potential for Prostate Cancer

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patient Cohort

          



          		

            Sample Processing and EV Enrichment

          



          		

            RNA Isolation and Library Preparation

          



          		

            Data Processing and Analysis

          



        



        



        		

          Results

        

          		

            Patient Characteristics and Sample Collection

          



          		

            EV Enrichment, RNA Isolation, and Library Preparation

          



          		

            Sequencing Results

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-631021-g005.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-631021-g007.jpg
Normatzes Lounts:

Wico

hesmR13p.

won,p=5.30-14

[

Wicoron, p= 00032

s mR-10s5p

Wicoron, p=001

] -

-

B S S S0 A TR OB

Wicoson,p = 0076

Wicoson,p=072

MicoRNAS
B a1

B s
[
B e
B ranmaney
B oz





OEBPS/Images/table2.jpg
o2 miR.1.3p
2 miR. 1005
2 miR.423.3p
62 iR 18350
oo m- 10050
r62.miR206.5p
rsamiR223.3p
2 iR 615.9p
reamiR 23039
2 iR 905
rsa R 27539
2 i 272 3p
o2 iR 4436a.5p
rsa.mR 20a3p

6020
8426
708
147
148
470
299
194
292
295
2031
2086
602
033

log2FoldChange

178
130
09
075
o084

080
104
109
115
130
151
158
156

ese

049
044
035
026
026

030
028

029
oat
039
o031
020

pvalve.

00008
oo
00048
00069
00014

00027
00002

00001
00015,
00001
00000
00000





OEBPS/Images/fonc-11-631021-g003.jpg





OEBPS/Images/fonc-11-631021-g008.jpg
L
I3ege”





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-631021-g001.jpg
- ="
N ,;*’;:
v
RNase Tx
+RNA
Isolation
‘Sequencing






OEBPS/Images/fonc-11-631021-g006.jpg
Normalizes Counts

heamR13p

s mR:10atp
:
s
3
s b
' .
I i
e
'
= '
w ]

O S gl SO S § | i O

emazres
. 5
. .

fasmR42%p.

& i

i
g
oo
- nnns
& i





OEBPS/Images/table1.jpg
Median Age (range)
Serum PSA lovels, n (%)

10 ag/mt

10 ngml

ko

Mocian PSA, ngiml(ange)
Pro-biopsy DRE status, n (%)
Posiie

2
T3

ko

Gleason grade, n (%)

1
2
3
s
5

Unkooun
Gleason grade, n (%)

Br-positive,
n=ta7

688(431-798)

78(61%)
739%)

91(19-4659)

88(50.1%)
540062%)
0%
767

6009%)
43089%)
8 022%)
12@1%)

31 08%)
43089%)
13E7%)
28(188%)
%28
0%

101 @1.2%)
6638%)

0%
2020.1%)
2(148%)
15(10.1%)
18(12:1%)
19(12:8%)
8(54%)
6%
7@7%)
1067%)
14@4%)

Bxenegative,
n=60

65.1(47.6-708)

2 00%
18.80%)

77 0.1-547)

11(18:3%)
39.65%)
2@3%
80133%

$% $%5%5%%% %838

60(100%)
00%
00%
00%
00%
00%
00%
00%
00%
00%
00%

Gleason grade > 4,
-0

006 (622-703)

200%
1830%)

113(06-4659)

46(75.4%
12 (19.7%)
000%)
369%

9(15.0%)

20@33%)

2846.7%)
3%

00%)
00%)
000%)

26 43.3%)

24(567%)

N

0(0%)
60(100%)

0(0%)
5(10%)
46%)
46%)
48%)
10(19%)
4%
3(6%)
5(10%)
3(6%)
10(19%)

Gleason grade < 3,
=147

67.043.1-798)

61%
73 (49%

76(19-468)

53(358%)
81 (547%)
2(1.4%
1261%)

7 @52%)

24(163%)
17(11.6%)
96.1%

31 11%
42086%)
1488%)
00%)
00%)
0 08%)

147 (100%)
0©%)

0%
25 (16%)
18(12%)
10%)
136%)
96%)
4@%)
20%
20%)
865%)
3%

o — T Ty ——
M 10 g 688 2506, spectoey. s PSA s 19 e s
oot ahewestanoe b ot ol s ot <0006 s P 0TS ooy Bt ot minon o pihtmadten
Lot s

et o ceoliat





