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Abstract
Urinary extracellular vesicles (uEV) are a topical source of non-invasive biomarkers
for health and diseases of the urogenital system. However, several challenges have
become evident in the standardization of uEV pipelines from collection of urine to
biomarker analysis. Here, we studied the effect of pre-analytical variables and devel-
opedmeans of quality control for uEV isolates to be used in transcriptomic biomarker
research. We included urine samples from healthy controls and individuals with type
1 or type 2 diabetes and normo-, micro- or macroalbuminuria and isolated uEV by
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ultracentrifugation. We studied the effect of storage temperature (-20◦C vs. -80◦C),
time (up to 4 years) and storage format (urine or isolated uEV) on quality of uEV by
nanoparticle tracking analysis, electronmicroscopy,Western blotting and qPCR.Uri-
nary EV RNA was compared in terms of quantity, quality, and by mRNA or miRNA
sequencing. To study the stability of miRNA levels in samples isolated by different
methods, we created and tested a list of miRNAs commonly enriched in uEV iso-
lates. uEV and their transcriptome were preserved in urine or as isolated uEV even
after long-term storage at -80◦C.However, storage at -20◦C degraded particularly the
GC-rich part of the transcriptome and EV protein markers. Transcriptome was pre-
served in RNA samples extractedwith andwithoutDNAse, but read distributions still
showed some differences in e.g. intergenic and intronic reads. MiRNAs commonly
enriched in uEV isolates were stable and concordant between different EV isolation
methods. Analysis of never frozen uEV helped to identify surface characteristics of
particles by EM. In addition to uEV, qPCR assays demonstrated that uEV isolates
commonly contained polyoma viruses. Based on our results, we present recommen-
dations how to store and handle uEV isolates for transcriptomics studies that may
help to expedite standardization of the EV biomarker field.

KEYWORDS
biomarkers, DNAse, microRNA, mRNA, storage temperature, storage time, transcriptomics, urinary exo-
somes, urinary extracellular vesicles, virus

 INTRODUCTION

Extracellular vesicles (EV) are heterogeneous membrane-enclosed sacculi secreted by cells. EV cargo is comprised of proteins,
several RNA species, DNA, metabolites and lipids (Malkin & Bratman, 2020; Raposo & Stoorvogel, 2013), which are loaded to
EV during their biogenesis (Merchant et al., 2017). As EV cargo can capture the physiological or pathophysiological state of
their parental cells, EV are a promising source of biomarkers for diseases of diverse aetiology (Dickhout & Koenen, 2018; Guha
et al., 2019; Pang et al., 2020; Wang et al., 2021). In addition, the bilipid-layer encapsulated cargo is protected, for example, from
proteases and nucleases (Kim et al., 2017). As RNA is prone to degradation outside the cell, protected RNA inside vesicles has
raised the interest in transcriptomic biomarker research (Pös et al., 2018).
EV have been described in diverse biofluids e.g. cerebrospinal fluid, plasma and urine (Yuana et al., 2013). Urine is a valuable

biofluid because it can be obtained non-invasively and it is rich in EV derived from the urinary system cells. Thus, urine is consid-
ered as an attractive source of biomarkers for the genitourinary track (Erdbrugger & Le, 2016; Oliveira et al., 2020; Svenningsen
et al., 2020) or even for neurological disorders (Wang et al., 2019).
Studies that intend to discover reliable candidate biomarkers should include a relatively large number of samples (Yekula

et al., 2020). A sufficient sample size can compensate factors such as inter-individual variability and technical variability related
to EV isolation and downstream analytics (Oeyen et al., 2019). However, collecting large sets of suitable samples from healthy
controls and donors in different disease stages can take years, especially when potential confounding factors such as sex, age and
medication are considered. Alternatively, samples already collected and stored with various protocols for other than uEV studies
have been repurposed for uEVbiomarker studies. Generally, lack of standardization in biofluid collection, pre-processing, storage
and coding as well as lack of identified housekeeping genes for EV studies (Lehmann et al., 2012; Théry et al., 2018; Witwer et al.,
2013) hinder multi-centre collaborative efforts and comparison between published studies.
Some efforts have been made to assess the effect of pre-analytical variables such as urine storage time and temperature on

particle concentration, uEV markers, electron microscopy, and RNA yield. However, most of the studies have focused on short
storage times of up to 10 days at different temperatures (Armstrong et al., 2018; Oosthuyzen et al., 2013; Zhou et al., 2006) or
up to 1 year at -80◦C (Yuana et al., 2015; Zhou et al., 2006). Of note, while there is a handful of investigations comparing EV
isolation methods using messenger RNA sequencing (mRNA-seq) (Barreiro et al., 2020) and micro RNA sequencing (miRNA-
seq) (Barreiro et al., 2020; Cheng et al., 2014;Mussack et al., 2019; Park et al., 2020; Srinivasan et al., 2019), comparison of other pre-
analytical variables with sequencing as an end-point are largely lacking (Miranda et al., 2014). With few exceptions (Armstrong
et al., 2018; Barreiro et al., 2020; Park et al., 2020), studies have so far included only healthy control samples, which could bias
results interpretation since diseases that influence urine composition could also alter composition and stability of uEV isolates.
This is especially true in diabetic kidney disease, where the kidney filtration barrier is damaged causing albuminuria (Thomas
et al., 2015) i.e. leakage of proteins into the urine.
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F IGURE  Experimental workflows employed in this study to evaluate the effects of pre-analytical variables on uEV quality and transcriptomics: a. Effect
of storage time on the uEV particle number, size distribution, morphology, protein markers and RNA yield. b. Effect of storage temperature on the uEV
morphology, protein markers, RNA yield, miRNA-seq and mRNA-seq. c. Effect of DNAse treatment on uEV RNA yield and quality of mRNA-seq alignment as
evaluated with RSeqQC. d. Effect of urine storage with or without protease inhibitors on uEV RNA yield. e. Effect of urine collection type (24 h vs. overnight)
on uEV RNA yield. f. Effect of pre-clearing urine before freezing on uEV RNA yield. g. Co-isolation of common polyoma viruses present in urine and uEV
isolates. h. Analysis of miRNAs enriched in the uEV isolates and testing the list to evaluate stability of the miRNA between isolation methods using published
datasets. Healthy control individuals (Healthy ctrl), messenger RNA sequencing (mRNA-seq), micro RNA sequencing (miRNA-seq), months (mo), individuals
with type 1 diabetes (T1D) or type 2 diabetes (T2D), ultracentrifugation (UC), urinary extracellular vesicles (uEV), volume (vol)

Here, we studied the effect of pre-analytical variables on the quality of the uEV isolates from > 100 urine samples of healthy
and diabetic individuals. Based on results, we developed a quality control and recommendations to be used in transcriptomic
biomarker research of uEV.

 MATERIALS ANDMETHODS

Experimental workflows used in this study are presented in Figure 1.

. Ethical permissions

All experiments were performed in accordance with the Declaration of Helsinki and the study protocols were approved by the
Ethical Committees of Helsinki and Uusimaa Hospital District, Turku University Hospital or Vaasa Central Hospital. Urine
samples and clinical data were obtained from donors participating in the nation-wide prospective FinnDiane Study (Finnish
Diabetic Nephropathy Study) targeting risk factors for diabetic nephropathy in type 1 diabetes (T1D) (FinnDiane 163/E5/04,
199/E5/05, 491/E5/2006; 238/13/03/00/15), andDIREVA study (Diabetes Registry in Vaasa), inviting all diabetic individuals living
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in theVaasaCentralHospital District to participate since 2007 ((48/1801/2014; 116/1805/2016), or fromparticipants in theHelsinki
Urological Biobank and SalWe “Get It Done” research project addressing the use of EV for Personalized diagnostics and Care
(Dnro 263/13/03/02/2011379/13/03/02/2012 and Dnro § 212).

. Urine collection and storage

We collected urine samples from donors including healthy volunteers and individuals with type 1 or type 2 diabetic kidney
disease. Individuals with T1D or type 2 diabetes (T2D) from FinnDiane and DIREVA cohorts were classified into normo-,
micro- and macroalbuminuria groups. Classification in Finndiane cohort was based on urinary albumin excretion rate (AER)
on 24 h urine collection (two out of three consecutive urine collections). Individuals were considered macroalbuminuric with
AER > 300 mg/24 h, microalbuminuric with AER 30–300 mg/24 h, and normoalbuminuric with AER < 30 mg/24 h. In
DIREVA cohort, macroalbuminuria was defined based on AER (on overnight urine collection) and/or albumin to creatinine
ratio (ACR) (spot urine albumin/creatinine ratio). Individuals were considered macroalbuminuric with AER > 200 µg/min or
ACR> 35mg/mmol,microalbuminuric with AER 20–200 µg/min andACR> 3.5mg/mmol at the last clinical visit and normoal-
buminuric with AER < 20 µg/min and ACR < 3.5 (mg/mmol) at all of the clinical visits. All details concerning pre-analytical
variables, demographic data and albuminuria status are presented in the Supplementary Table 1.

For long-, mid- and short-term storage experiments I, II, and III, we collected pools of the first or second morning urine sam-
ples (Pool 1–3). For studies measuring RNA yield as a function of storage time, we collected individual 24 h (donors collected full
void urine during 24 h) or overnight (full first void urine) urine samples, from healthy controls and donors with T1D or T2D and
normo-, micro- or macroalbuminuria. For storage temperature studies, we collected individual morning (midstream first morn-
ing urine void) urine or 24 h samples, from healthy controls or donors with T1D and normoalbuminuria or macroalbuminuria.
After collection, the samples were directly divided into aliquots and stored in -20◦C and -80◦C until EV preparation.
To assess the effect of protease inhibitors on RNA yield, we collected individual or pooled overnight or first morning urine

samples from healthy controls. Samples were stored at -80◦Cwith protease inhibitors (+PI) or without (-PI) for short- and long-
term. Sample pairs used for assessing RNA yield from different urine collection types consisted of 24 h urine and overnight urine
samples provided by the same donor on the same day. We included samples from healthy controls and individuals with T1D and
micro- or macroalbuminuria. For assessing the effect of pre-clearing, 40 ml aliquots of urine from individuals with T1D and
micro- or macroalbuminuria were taken from the 24 h collections and processed with or without centrifugation at 1800 g, 10 min
at+4◦C before freezing at -80◦C. Samples used to derive lists of miRNA enriched in the uEV isolates were pooled (pool 1, n= 11,
microarray) or individual (n= 10, Qiagen set) first or second morning urine samples from < 45 years old healthy male controls.
Urines used for studying RNA yield as a function of storage time, storage temperature, type of urine collection, protease

inhibitor addition and pre-clearing step before freezing were supplemented with Calbiochem EDTA-free Protease Inhibitor
Cocktail Set III (Merck Millipore, Burlington, MA) at a dilution of 1/1000-1/2000 before storage at -80◦C.

All samples except for 24 h collections, urine collection format and storage temperature study were centrifuged at 1800 g for
10 min at +4◦C before EV isolation or freezing the urine supernatant in aliquots at -80◦C.

. EV isolation and storage

EVwere isolated from 7.8-50 ml urine (Supplementary Table 1). Isolation from> 10 ml urine volumes was done by ultracentrifu-
gation (UC) as previously described (Barreiro et al., 2020; Puhka et al., 2017). Urine samples were melted at +37◦C in a water
bath, vortexed for 90 s and centrifuged at 8000 g at +4◦C (breaking) for 15 min using a fixed angle AG-6512C rotor (Kubota
Corp.). Supernatants were filtered using Whatman 1.2 µm cellulose acetate syringe filters (GE Healthcare, Buckinghamshire,
UK). Thereafter, 30 ml of processed urine was centrifuged at 4◦C for 90 min at 100,000 g (maximum breaking) in a SW28
rotor, k-factor 254.5 (Beckman Coulter, Inc., Brea, CA). Supernatants were discarded and the pellets were washed in 20 ml of
PBS repeating the ultracentrifugation configuration. Then, supernatants were removed and uEV samples were suspended in
filtered PBS (0.22 µm PES filter; Jet Bio-Filtration, Guangzhou, China) and stored in protein or DNA LoBind tubes (Eppendorf,
Hamburg, Germany) at -80◦C.
To isolate uEV from low volumes of urine (< 10 ml), a modification of the protocol was applied. Samples were melted and

pre-processed as above and then ultracentrifuged using the low volumes at 4◦C for 2 h 30 min at 61,909 g (maximum breaking)
in a 70.1 ti rotor, k-factor 198 (Beckman Coulter, Inc., Brea, CA). Supernatants were discarded and the pellets were suspended in
filtered PBS and stored in protein or DNA LoBind tubes at -80◦C.
For storage experiments, where storage in urine or as isolated uEV was compared, we isolated the uEV directly from the fresh

urine pool and from frozen replicate urine samples at time points ≥day 14. The uEV isolated from three replicate frozen urine
aliquots were directly analysed at each time point i.e. they were not refrozen. Fresh uEV (day 0) were divided in aliquots of 3
replicate uEV isolates per time point, and either directly analysed (d0), stored at -80◦C o/n and then analysed (d1), or stored at
-80◦C until analysis at the later time points.
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. Particle concentration and particle size distribution of uEV isolates

The particle concentration and particle size distribution were analysed from three replicate uEV isolates of the same urine pool
using nanoparticle tracking analysis (NTA) instrument LM14C equipped with a violet (405 nm, 70 mW) laser (Malvern Instru-
ments Ltd., Malvern, UK) and an sCMOS camera (Hamamatsu Photonics K.K., Hamamatsu, Japan) at controlled temperature
of 22.0◦C and camera level 14 using Nanosight software 3.0 (Malvern Instruments Ltd.). EV samples were diluted 1:25000 with
filtered (0.2 µm) Hepes buffered saline (10 mMHepes, 0.14 M NaCl) resulting in 15–50 particles/frame, and three videos of 90 s
were recorded from each sample, mixing the sample manually betweenmeasurements. Data were analysed with NanoSight NTA
3.0 software using a detection threshold 5 and a gain of 10. Each technical replicate was measured 3 times.

. Electron microscopy (EM)

Immunostaining was done as previously described (Puhka et al., 2017). Briefly, after loading to 200 mesh copper grids, samples
were fixed in 2% PFA (Electron Microscopy Sciences). Thereafter, grids were incubated with anti-CD59 clone MEM-43 (1:100
dilution, Thermo Scientific, Waltham, MA). Then, samples were incubated with 10 nm gold-conjugated anti-mouse secondary
antibody (1:80 dilution, BBI Solutions, Cardiff, UK) and washed.
Negative staining was performed as previously described (Puhka et al., 2017). Briefly, 5 µl of the uEV isolates (equivalent

to 0.5-1.5 ml of urine) was loaded on Formvar/Carbon 200 mesh TH, Copper grids (Ted Pella Inc., Redding, CA). Thereafter,
grids were fixed with 2% PFA (Electron Microscopy Sciences, Hatfield, PA) and stained with 2% neutral uranyl acetate and
embedded in methyl cellulose uranyl acetate mixture (1,8/0,4%). Images were captured using Jeol JEM-1400 (Jeol Ltd, Tokyo,
Japan) operating at 80 kV, equipped with a Gatan Orius SC 1000B CCD-camera (Gatan Inc., Pleasanton, CA) and using an image
size of 4008 × 2672 pixels.

. Western blotting

For storage time and temperature studies, uEV isolates derived from equal volumes of urine were denatured in Laemmli buffer
and, loaded to MINI-Protean TGX 4%–20% gradient gels or 4%–20% Mini-PROTEAN TGX Stain-Free Protein Gels (Bio-Rad
laboratories Inc., Hercules, CA) to perform SDS-PAGE andWestern blotting as previously described (Barreiro et al., 2020; Puhka
et al., 2017) . Proteins were stained either with QC colloidal Coomassie Stain or visualized in stain-free gels. Membranes were
immunostained for CD9, TSG101, Tamm-Horsfall protein (THP), Podocalyxin (PDX), calnexin, GM130, CD59, CD63 and/or
HSP70. Details on primary and secondary antibodies used in this study are provided in the Supplementary Table 2. Secondary
antibody was detected using Super Signal West Femto Maximum Sensitivity kit (Thermo Fisher Scientific) or Pierce™ ECL Plus
Western Blotting Substrate (Thermo Fisher Scientific).
Urine pellet was obtained by centrifuging 40 ml of fresh urine at 1800 g, for 10 min at +4◦C. Pellet was resuspended in 200 µl

of 0.2 um filtered PBS and protein concentration was measured using Micro BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA).
HeLA cells were incubated with RIPA lysis (Cold Spring Harbor Press, 2017) buffer for 30 min on ice after which they were

vortexed. Homogenate was centrifuged for 10 min, 10000 RPM at+4◦C. Supernatant was recovered and proteins were measured
using DC Protein Assay Kit II (Bio-Rad laboratories Inc.).

. Polyoma virus detection

Urine and uEV isolates were analysed at the Helsinki university hospital laboratory (HUSlab). Test denomination for poly-
omaviruses was U –PoVNh, which includes testing for common BK-polyomavirus and John Cunningham (JC)-polyomavirus
(U -BKVNh ja U –JCVNh, respectively). Viruses were detected by real-time polymerase chain reaction (PCR). The test is quan-
titative for urine and the limit of quantification of the test is 3000 copies/ml.

. RNA isolations for pre-analytical variable studies

For storage time and storage temperature experiments, the total RNA isolation method was chosen depending on the starting
volume of urine in order to obtain a suitable concentration of RNA compatible with sequencing applications: i) uEV isolates
derived from urine samples with > 10 ml starting volume, total RNA was isolated using miRNeasy mini kit, (Qiagen, Hilden,
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Germany) procedure followingmanufacturer’s protocol for Purification of Total RNA, Including Small RNAs, fromAnimal Cells.
RNA was eluted in 30 µl of RNase-free water. Depending on the experiment, samples were processed with DNAse treatment
(+DNAse) or without (-DNAse), and ii) uEV isolates derived from urine samples with < 10 ml starting volume, total RNA
was isolated using miRNeasy micro kit, (Qiagen) procedure following manufacturer’s protocol for Purification of Total RNA,
Including Small RNAs, from Animal Cells. RNA was eluted in 14 µl of RNase free water.
For +/- DNAse experiments, total RNA was isolated from pairs of samples using miRNeasy micro kit (Qiagen) or miRNeasy

mini kit (Qiagen) or Nucleospin miRNA kit (Macherey-Nagel GmbH & Co. KG, Duren, Germany) with or without DNAse
treatment according to manufacturer’s instructions. Different elution volumes were used, but the elution volume was conserved
between sample pairs. Please refer to the Supplementary Table 1 for detailed information on RNA isolation methods and elution
volumes for each sub-study.
RNAs were analysed using Agilent RNA 6000 Pico kit (Agilent Technologies, Santa Clara, CA) or Qubit RNA or dsDNA HS

Assay Kits (Thermo Fisher Scientific).

. mRNA-seq and data analysis for storage temperature and DNAse treatment comparisons

Messenger RNA sequencing libraries were prepared from 1 ng ofDNAse-treated total RNAusing SMART-Seq v4Ultra Low Input
RNA Kit for Sequencing (Takara BIo Inc., Mountain View, CA) and Nextera XT kit (Ilumina Inc., San Diego, CA) according to
themanufacturer’s protocol. Libraries were sequenced on the IlluminaHiseq 2000 platform (Illumina Inc.) as 100 bp cycle paired
end reads. RNAs isolated without DNAse treatment from the same uEV isolates (19 out of the 20 samples stored at -80◦C) were
prepared in the same way for mRNA-seq and sequenced on the Illumina NextSeq 500 platform (Illumina Inc.) as 150 bp cycle
paired end reads.
For data analysis, mRNA-seq reads were mapped to the GRCh38.95 reference genome using STAR v2.5.3a (Dobin et al., 2013).

RNA sequencing metrics were assessed using RseQC v2.6.4 (L. Wang et al., 2012) and mapped reads were counted using HTseq
v0.6.0 (Anders et al., 2015). STAR, RseQC and HTseq were run using chipster v4 (https://chipster.csc.fi/) (Kallio et al., 2011) .
Differential expression analysis was performed using edgeR (Robinson et al., 2010) in R v4.0.3 (Team, 2020). Genes with a false
discovery rate (FDR) < 0.05 and a log2 fold change ≥ 0.75 or ≤ -0.75 were considered differentially expressed. Differentially
expressed genes were subjected to gene ontology enrichment analysis (http://geneontology.org/) (Ashburner et al., 2000; Mi
et al., 2019; “The Gene Ontology Consortium", 2021) (accession date 03.12.2020). Transcript length and gene GC-content data
was obtained by using BioMart (Smedley et al., 2009). Kidney-enriched genes list was obtained from the human protein atlas
(Uhlen et al., 2015) (http://www.proteinatlas.org). P-body enriched transcripts were accessed from Hubstenberger et al., 2017.

. miRNA-seq and data analysis for storage temperature comparison

miRNA sequencing libraries were prepared from 10 ng of total RNA using TailorMix miRNA sample prep v2 (SeqMatic, Union
City, CA) according to the manufacturer’s protocol. Libraries were sequenced on the Illumina Hiseq 2000 platform (Illumina
Inc.) as 100 bp cycle paired end reads.
For data analysis, sequences were aligned to known miRNAs using miRExpress (W. C. Wang et al., 2009). Differential expres-

sion analysis was performed using edgeR in R v4.0.3. Genes with an FDR lower than 0.05 and a log2 Fold change ≥ 0.75 or ≤

-0.75 were considered differentially expressed. The presence or absence ofmiRNAs in EV, reported by other studies, were assessed
using Vesiclepedia (http://microvesicles.org/) (accession date 12.01.2021).

. miRNA-seq and microarray analysis of urine and uEV for deriving the list of miRNAs
enriched in uEV isolates

For miRNA analysis, we used a sequencing platform at Qiagen and Toray’s 3D Gene microarray platform from TATAA. In
Qiagen, spike-ins were added prior to RNA isolation from EVs using Qiagen’s miRNeasy Serum/Plasma kit according to the
manufacturers’ instructions. Libraries were preparedwithQIAseqmiRNALibrary Prep kit including the uniquemolecular index
tagging and sequenced with NextSeq500 (Illumina) using 75 nt read length. For data analysis, reads were mapped to miRBase
and to the host genome using Bowtie2 (2.2.2). Data were normalized with weighted trimmedmean ofM-values (TMM)method.
For microarray, RNA was extracted from 10 and 30 ml of urine using Urine Cell- Free Circulating RNA purification Maxi

kit (Norgen Biocorp) and from uEV with miRNeasy Mini Kit (Qiagen) and the Toray extraction reagent (TRT-XE111) accord-
ing to manufacturers’ instructions. Samples were concentrated down to 8 µl in the Biovac 060, iLMVAC and run-on capillary
electrophoresis on the Fragment Analyzer, Advanced Analytical with a High Sensitivity RNA kit (DNF472-0500) to deter-
mine the presence of small RNAs. The maximum input volume of 2.2 µl of each sample was then mixed with miRNA spike

https://chipster.csc.fi/
http://geneontology.org/
http://www.proteinatlas.org
http://microvesicles.org/
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(Cat No TRT-XR304, Toray) and further labelled, hybridized and washed according to the instruction manual from Toray (H-
M-R miRNA protocol 4-Plex V3).
The intensity of eachmiRNAwas analysedwith the 3D-Gene Scanner 3000 (Toray) with auto gain, auto focus and auto analysis

settings, all according tomanufacturer’s instructions. Quality control was performed on all samples based on the QC report from
the instrument. Background correction and global normalization of data was done according to Toray instructions.

. Deriving the list of miRNAs enriched in uEV isolates and assessment of their expression in
published datasets

To build a list of miRNAs typically found in uEV isolates, we used microarray to analyse RNA from urine samples and uEV
isolated by UC from the same samples. The signals from both were arranged in decreasing order and cross-compared to find
miRNAs highly expressed in urine only (normalized signal > 100), in EV only or higher in EV than urine. Then, these lists
were compared to the UC derived uEV-miRNA sequencing results, organized in decreasing order with a minimum of > 1000
normalized counts on average. Micro-RNAs present in the uEV enrichment lists from both platforms, and missing from the
urine enrichment list, were assigned as enriched in the uEV isolates. Finally, this list was compared to entries in Vesiclepedia
(accession date 10.07.2019).
We analysed the expression levels of the listed miRNAs enriched in the uEV isolates using previously published data. Data

provided as Reads PerMillion ScaledmiRNAReads (RPMSmiR) was log2 transformed. (Srinivasan et al., 2019). Data provided as
raw count table (Barreiro et al., 2020) was TMMnormalized and log2CPM transformed using edgeR. Raw (trimmed) sequencing
data (Mussack et al., 2019) was aligned using Chimira (Vitsios & Enright, 2015), TMM normalized and log2CPM transformed
using edgeR.

. Statistics

OriginPro 2020 (OriginLab Corporation, Northampton, MA, USA) was used for the statistical analysis of NTA data, the signif-
icant difference was assessed using ANOVA and Bonferroni comparison of means, considering p-values < 0.05 significant. IBM
SPSS statistics V24was used for statistical analysis (IBMCorporation, Armonk,NY). RNA yield (log10 transformed)mean differ-
ences for more than two groups were tested using ANOVA and Bonferroni post hoc tests. Mean differences for two groups were
tested using Student’s’ t-Test for Independent Samples or paired samples depending on the experimental design. GC proportion
values were arcsin transformed (transformed x= 2*ARCSIN(SQRT(x)). Values are represented as mean± SEM. P-values< 0.05
were considered statistically significant. ggplot2 (Wickham, 2016) and pheatmap (Kolde, 2019) were used for data visualization.

. Data availability

The raw sequencing data analysed in this study is not publicly available due to local regulations.We provide rawmRNA-seq count
data in the Supplementary Table 10 and rawmiRNA-seq count data in the Supplementary Table 11. Datasets used to derive the list
of miRNAs enriched in uEV isolates are available in the Supplementary Table 12 (microarray raw data, background subtracted
data, and global normalization) and Supplementary Table 13 (miRNA-seq raw counts). Raw mRNA-seq count data from uEV
RNA samples isolated without DNAse treatment is available in Supplementary Table 14. Raw sequencing data is available to
qualified investigators upon reasonable request.

 RESULTS

. Preservation of uEV during cryostorage – comparison of storing either urine or isolated uEV
in PBS

3.1.1 Particle size and concentration of uEV remained unchanged during the storage of 24 months at
–80◦C regardless of the storage medium

To assess the overall preservation of uEV at –80◦C, we conducted studies storing urine and isolated uEV in PBS for up to 24
months (Table 1, see also Supplementary Figure 1). No significant alterations in the particle concentrations of uEV isolates were
observed and the particle size, assessed using mean size, modal size, median size, and 10th – 90th percentile range, remained
stable regardless of the storage time or medium. To assess shorter term stability of uEVmore carefully, a separate 3-month study
was conducted. Although a statistically significant decrease in the particle concentration was detected after 14 days of storage in



 of  BARREIRO et al.

TABLE  Particle concentration and size distribution of uEV stored (-80◦C) up to 24 months in PBS or urine

uEV storage
modality, time

Mean concentration
(particles/ml)

Mean diameter
(nm)

Modal diameter
(nm)

Median diameter
(nm)

th percentile - th
percentile (nm)

Fresh 1,13E13 ± 8,69E11 145,3 ± 13,7 101,5 ± 5,5 115,4 ± 7,1 72,2 ± 9,4 - 253,7 ± 38,9

PBS, 3 mo 1,81E13 ± 1,74E12 129,6 ± 12,3 87,7 ± 5,9 102,9 ± 13,7 66,9 ± 9,5 - 213,3 ± 19,9

Urine, 3 mo 1,30E13 ± 4,88E12 139,5 ± 12,0 91,6 ± 8,5 107,7 ± 7,5 68,9 ± 5,7 - 260,9 ± 34,4

PBS, 6 mo 1,31E13 ± 5,41E12 128,8 ± 4,2 87,8 ± 2,5 107,6 ± 4,9 70,2 ± 2,6 - 206,8 ± 12,5

Urine, 6 mo 1,48E13 ± 4,53E12 141,3 ± 15,9 90,1 ± 11,1 106,2 ± 12,2 67,4 ± 5,4 - 254,7 ± 40,4

PBS, 24 mo 9,00E12 ± 8,97E11 148,7 ± 7,6 106,7 ± 3,0 123,3 ± 4,1 82,7 ± 1,2 - 236,8 ± 12,0

Urine, 24 mo 8,97E12 ± 2,43E12 164,4 ± 7,7 100,7 ± 2,0 131,0 ± 13,5 83,3 ± 1,9 - 289,4 ± 15,8

uEV stored in PBS ,E ± ,E , ± , , ± , , ± , , ± , - , ± ,

uEV stored in urine ,E ± ,E , ± , , ± , , ± , , ± , - , ± ,

Values represent mean ± SD, n = 3 technical replicates, bolded values represent mean values of given storage modality across all time points ± SD, n = 12. Months (mo), phosphate
buffered saline (PBS), urinary extracellular vesicles (uEV)

TABLE  Particle concentration and size distribution of uEV stored (-80◦C) up to 90 days in PBS or urine

uEV storage
modality, time

Mean concentration
(particles/ml)

Mean diameter
(nm)

Modal diameter
(nm)

Median diameter
(nm)

th percentile - th
percentile (nm)

Fresh 4,8E12 ± 1,1E12 163,9 ± 7,4 124,3 ± 24,3 143,2 ± 18,6 82,1 ± 6,9 - 254,5 ± 14,3

PBS, d1 3,2E12 ± 2,9E11 170,6 ± 6,3 127,4 ± 40,7 163,6 ± 20,1 87,0 ± 6,6 - 262,5 ± 15,7

PBS, d14 1,4E12 ± 7,3E11 ** 140,5 ± 11,1 117,4 ± 21,6 124,5 ± 9,0 73,3 ± 8,0 - 213,0 ± 31,1

Urine d14 2,0E12 ± 1,6E12 * 124,5 ± 28,7 105,6 ± 14,7 104,8 ± 17,9 70,4 ± 13,1 - 187,3 ± 63,9

PBS, d90 3,4E12 ± 1,9E11 158,7 ± 9,3 111,1 ± 2,8 129,9 ± 8,1 86,4 ± 2,9 - 254,4 ± 11,1

Urine, d90 2,2E12 ± 1,4E11 168,6 ± 7,7 113,3 ± 5,9 141,5 ± 10,3 90,8 ± 4,6 - 271,5 ± 9,9

uEV stored in PBS ,E ± ,E , ± , , ± , , ± , , ± , - , ± ,

uEV stored in urine ,E ± ,E , ± , , ± , , ± , , ± , - , ± ,

Values represent mean ± SD, n = 3 technical replicates, bolded values represent mean values of given storage modality across all time points ± SD, n = 12 for PBS stored uEV, n = 9
for uEV stored in urine. * = P < 0.05, ** = P < 0.01 compared to freshly isolated uEV using Bonferroni comparison of means. Days (d), phosphate buffered saline (PBS), urinary
extracellular vesicles (uEV).

both storage modalities, this was not observed in the 3-months’ time point and the size distribution remained similar (Table 2,
see also Supplementary Figure 2). In both studies the variation in measurements between time points was comparable to the
variation between technical replicate measurements in individual time points confirming the overall stability of uEV irrespective
of the storage medium.

3.1.2 uEV morphology and protein markers were conserved for up to 24 months at -80◦C in both
storage media

We used transmission electron microscopy to evaluate the morphology of uEV from the fresh and –80◦C frozen samples stored
for up to 24 months in urine or as isolated uEV in PBS. We observed uEV of typical morphology and variable sizes in all samples
(Figure 2).
SDS-PAGE of stain-free and Coomassie blue stained gels showed similar protein profiles of uEV isolates across all storage time

points and storagemedium (Figure 3a). Similarly,Western blotting showed the presence of EVmarkers TSG101, CD9 andHSP70
in all samples (Figure 3b). Gels for SDS-PAGE andWestern blotting were loaded with uEV derived from equal urine volumes.

3.1.3 Fresh uEV isolates presented particles with surface spikes – detection of commonly coisolated
polyoma viruses

Although the overall morphology of uEV appeared rather stable during cryostorage, we observed particles with surface spikes
(Figure 2a1, a2, a3, a4) and average size of 56.3 ± 0.1 nm (142 particles measured from negative staining EM images from
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F IGURE  Effect of storage time (-80◦C) and storage medium on uEV morphology. Transmission electron micrographs of fresh uEV (day 0) or -80◦C
stored uEV divided based on storage medium i.e. uEV were isolated from urine stored at -80◦C or uEV were isolated from fresh urine and then stored in PBS at
-80◦C for 1 day, 14 days and 3, 6, or 24 months. uEV derived from equal volumes of urine were loaded to grids from each time point. Blue arrowheads: particles
with spikes visible in fresh samples. Months (mo), phosphate buffered saline (PBS), urinary extracellular vesicles (uEV)

3 unique samples) in some of the samples and with higher frequency or better visibility in the fresh, unfrozen samples (4 out
of 9 fresh individual or pooled samples). Spiked particles were further explored by staining 5 fresh and frozen (-80◦C) sam-
ple pairs. Again, we found spiked particles in the fresh uEV isolates, but not in the frozen counterpart (Figure 4a and c) in 3
out of 5 pairs. To explore whether the spiked particles were positive for common EV markers, we performed immunostaining
against CD59. CD59 was selected, because it is a common uEV surface marker, and the staining is specific with minimal back-
ground (Puhka et al., 2017). The CD59 immunostaining was observed in uEV but no gold particles labelled the spiked particles
(Figure 4c1 and c2).
Having observed spiked particles of uniform size in the fresh uEV isolates, we wanted to explore, if urinary viruses co-

isolated with uEV, and used qPCR to detect common urinary polyoma viruses. BK-polyomavirus was detected in two uEV
isolates from individual donors and in the uEV isolate from pooled urine (pool 1), but it was not detected in the pooled
urine. JC-polyoma virus was detected in both the pooled urine and uEV isolate from this pooled urine (Supplementary
Table 3).
These results show that storing urine or uEV in PBS at –80◦C for up to 24months preserves particle size, particle concentration,

uEV morphology and protein markers. However, particle surface characteristics are better observed in never frozen samples.
Polyoma viruses co-isolate with uEV and should be considered as common contaminants in uEV isolates.
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F IGURE  Effect of storage time (-80◦C) and storage medium on uEV protein profile and markers. Data is from fresh uEV (day 0) or -80◦C stored uEV
divided based on storage medium i.e. uEV were isolated from urine stored at -80◦C or uEV were isolated from fresh urine and then stored in PBS at -80◦C for 1
day, 14 days and 3, 6, or 24 months. uEV derived from equal volumes of urine were loaded from each time point. At each time point, medium was run as three
or two technical replicates. a. SDS-PAGE protein profiles of uEV detected in stain free-gels (day 0 and 1) or in coomassie blue -stained gels (day 14 and 3, 6, or
24 months). b. Western blotting of uEV enriched markers. Immunodetection of EV markers TSG101, HSP70 and CD9 is shown. Months (mo), phosphate
buffered saline (PBS), urinary extracellular vesicles (uEV)

. Effect of storage time, temperature and sample handling on uEV

3.2.1 Urine storage temperature affected more uEV-enriched protein markers than uEV morphology

Electron microscopy showed that uEV of typical morphology could be isolated from urines stored for 1 year at -20◦C or -80◦C
including donors with T1D and micro- or macroalbuminuria (Figure 5a). To study the presence of EV markers in uEV derived
from urine stored up to 24months at -20◦C or -80◦C, we isolated vesicles from low (7.8) and large (30 ml) volumes of urine from
healthy controls and donors with T1D and normo- ormacroalbuminuria. ByWestern blotting of uEV from low volumes of urine,
we found that samples stored at -20◦C had less TSG101, CD9 and CD63, especially in normo- and macroalbuminuria samples
which were stored for more than 4 months (Figure 5b). All EV markers were still detected in the uEV isolated from healthy
controls urine stored at -20◦C for 1.5 months (Figure 5b) with similar levels as in- 80◦C. Tamm-Horsfall protein (THP) was
detected in all samples, while Golgi marker GM130 was negative for all samples. In uEV from large volumes of urine, the results
were similar. EV markers TSG101, CD9 and podocalyxin gave fainter signals for the samples stored for more than 4 months,
THP was detected in all uEV isolates at variable levels, GM130 was negative and the endoplasmic reticulum marker calnexin
only faintly detected in the uEV isolates in comparison to the urine pellet and HeLa cells lysate which exhibited strong staining
(Supplementary Figure 3).

3.2.2 Urine storage at -20◦C and DNAse treatment decreased RNA yield from uEV, whereas storage at
-80◦C did not

We explored the uEV RNA yields focusing on the effect of different pre-analytical variables: urine storage time and temperature,
addition of protease inhibitors, collection type, pre-clearing and DNAse treatment including samples from donors with varying
albuminuria status (Supplementary Table 1). To study the effect of storage time on RNA yield, uEV were isolated from 107 urine
samples stored for 1 day to up to 4 years at -80◦C. Samples were obtained from healthy controls and individuals with T1D or
T2D and normo-, micro- or macroalbuminuria and divided into storage time groups. Statistical testing with ANOVA did not
show significant differences between the time groups (average RNA yields ranging between 517–900 pg/ml of urine) (Figure 6a,
Supplementary Table 4). Since 8.4% of the urine samples were donated by women and it has been reported that uEV from
women may carry more RNA than uEV from men (Ben-Dov et al., 2016), we repeated the analysis excluding women. However,
we obtained similar results: the time groups did not differ (Supplementary Table 4).
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F IGURE  Effect of freezing (-80◦C) on particle surface spikes. Transmission electron micrographs of fresh and frozen (-80◦C) uEV from the same
sample. Vesicles from equal volume of urine were loaded onto grids. a and b. Negative staining. c and d. Immunodetection of CD59. Blue arrows: vesicles with
spikes, back arrows: gold particles indicating presence of CD59. Urinary extracellular vesicles (uEV)

We further investigated storage time –induced differences by dividing the 107 samples into two groups: non-albuminuria
(healthy controls + T1D or T2D and normoalbuminuria) and albuminuria (T1D or T2D and micro- or macroalbuminuria).
Again, no statistically significant differences were found between the time groups for non-albuminuria (average RNA yield range
408–886 pg/ml), or albuminuria (561-962 pg/ml) (Supplementary Figure 4A and B, Supplementary Table 4).

To assess the effect of storage temperature on uEV RNA yield, urine samples from healthy controls and individuals with T1D
and normo- or macroalbuminuria were divided into aliquots and stored either at -20◦C or -80◦C for 1.5 months to 4 years. We
found that the mean RNA yield from the -20◦C stored samples was significantly reduced compared to the -80◦C stored samples
(T-test for paired samples; P < 0.01, Figure 6b, Supplementary Figure 5, Supplementary Table 4). We repeated the analysis by
dividing the above samples in non-albuminuria (healthy controls + T1D and normoalbuminuria) and albuminuria (T1D and
macroalbuminuria) groups. In both groups, the mean uEV RNA yield was higher from the urines stored at -80◦C compared
to urines stored at -20◦C, but the difference was statistically significant only for the non-albuminuria group (t-test for paired
samples;P< 0.05, Supplementary Figure 6A andB, SupplementaryTable 4). To assess the effect of short-term storage (1.5months)
separately, we compared uEV RNA yields between the storage temperatures and using low or high volumes of healthy control
urines for UC –however, no significant changes were found (Supplementary Figure 6C and D).

The urine samples for the storage time and temperature studies had protease inhibitors. However, in many biobank collec-
tions they are omitted, thus we analysed the effect of protease inhibitors on uEV RNA yield from healthy control urine samples
stored at -80◦C for up to 3 years. First, we assessed the effect of protease inhibitors on RNA yield as a function of urine storage
time within groups i.e. short-term (1-14 days) versus long-term (> 24 months) storage in samples stored with protease inhibitors
(+PI) or without (-PI). Urine storage +/- PI appeared to preserve uEV RNA yield similarly over time: we did not find statisti-
cally significant differences in yield between the short and long term storage (Supplementary Figure 6E and F, Supplementary
Table 4). Second, we analysed the effect of protease inhibitors on uEV RNA yield as a function of storage time between groups:
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F IGURE  Effect of urine storage temperature (-20◦C vs. -80◦C) on uEV morphology and protein markers. a. Transmission electron micrographs of
frozen uEV from donors with type 1 diabetes and normo- or macroalbuminuria. Urine samples were stored at -20◦C or -80◦C for 1 year before uEV isolation. b.
Western blotting of uEV isolated from urine stored at -20◦C or -80◦C for 1.5 months (healthy) or longer, up to 4 years (normo and macro). Here, uEV were
isolated from low urine volume, 7.8 ml (uEV isolated from high urine volumes in Supplementary Figure 3). uEV derived from equal volumes of urine were
loaded for each sample. Immunodetection of EV markers (PDX, TSG101, CD9, CD63 and CD59), a common protein that co-isolates with uEV (THP) and a
Golgi marker (GM130). Healthy control (Healthy), macroalbuminuria (macro), normoalbuminuria (normo), podocalyxin (PDX), Tamm–Horsfall protein
(THP), urinary extracellular vesicles (uEV)

urines stored+PI versus -PI for short- and long term. Again, we did not find statistically significant differences (Supplementary
Figure 6G and H, Supplementary Table 4).

We next compared the uEV RNA yields from two main clinical urine collection types (24 h vs. overnight). We isolated the
uEV from pairs of urine samples collected from individual donors on the same day and then stored for up to 20 months at -
80◦C. Donors included healthy controls and individuals with T1D and micro- or macro-albuminuria. There were no statistically
significant differences between the RNA yields from 24 h and overnight collections (Supplementary Figure 6I, Supplementary
Table 4).

To study the effect of pre-clearing urine before freezing, we included urine samples from individuals with T1D and micro- or
macroalbuminuria stored for up to 2 months at -80◦C. Again, we found no statistically significant differences in uEV RNA yields
from the paired urines processed with or without the pre-clearing step (Supplementary Figure 6J, Supplementary Table 4).

We finally evaluated the effect of in-column DNAse treatment during uEV RNA-isolation on RNA and DNA yield. Here,
we used healthy control samples, different RNA isolation kits and uEV isolated by UC from different starting volumes of urine.
However, between sample pairs, the processingwas always done in parallel, and the only differencewas the treatmentwithDNAse
(+DNAse) and without DNAse (-DNAse). We found that both RNA and DNA yield from samples -DNAse was 20% and 23%
higher than from samples +DNAse, respectively (t-test for paired samples; P < 0.05; Figure 6c and d, Supplementary Figure 5,
Supplementary Table 4).

3.2.3 Urine storage temperature (-20◦C vs. -80◦C) affected the mRNA transcriptome of uEV

To study the effect of urine storage temperature on the transcriptome of the uEV, we isolated uEV from 24 urine samples from
T1D individuals with normo-, micro- or macroalbuminuria stored for 1 year. Samples included 4 pairs of urine stored at -20◦C
or -80◦C and 16 more samples stored at -80◦C.
Quality of themRNA sequence alignment, evaluated asmapped versus unmapped reads, appeared not to be affected by storage

temperature (Figure 7a). Number of raw reads evaluated between sample pairs, was slightly lower for the -20◦C samples (4.5E+06
± 0.8 E+06 reads, n= 4) compared to the -80◦Csamples (5.3E+06± 0.4 E+06 reads, n= 4), but the differencewas not statistically
significant.
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F IGURE  Effect of storage time, storage temperature and DNAse treatment on RNA or DNA yield from uEV. Total RNA yield (expressed as pg/ml of
urine) was quantified using pico 6000 RNA chip in Agilent 2100 Bioanalyzer. DNA content was quantified using Qubit dsDNA HS Assay kit. a. RNA yield and
urine storage time. uEV were isolated from urines stored for up to 4 years at -80◦C including samples from healthy controls and donors with T1D or T2D and
normo- micro- or macroalbuminuria. Differences in the RNA yield between time points were tested using One-way ANOVA and Bonferroni Post-Hoc test. b.
RNA yield and urine storage temperature (-20◦C, -80◦C). uEV were isolated from healthy controls and donors with T1D and normo- or macroalbuminuria
including urines stored for up to 4 years. T-test for paired samples was used to assess the difference between groups. c and d. DNAse treatment. RNA yield (C)
and DNA concentration (D) of uEV-RNA treated with and without DNAse during RNA isolation. uEV were isolated from healthy control samples. T-test for
paired samples was used to assess difference between groups. Months (mo), type 1 diabetes (T1D), type 2 diabetes (T2D), urinary extracellular vesicles (uEV),
with DNAse treatment (+DNAse), without DNAse treatment (-DNAse)

Genes with raw counts of > 1 in at least 90% of the samples were selected for an exploratory analysis of the data (10136 genes).
Sample-to-sample correlation analysis (Figure 7b) as well as PCA (Figure 7c) showed two clear clusters corresponding to -20◦C
or -80◦C storage. Considering the separation, we assessed whether kidney-enriched genes were affected in the -20◦C samples.
Out of 53 genes classified as kidney-enriched in the human protein atlas, 22 were found in our filtered dataset. Over 50% of these
kidney-enriched genes were less expressed in the -20◦C samples compared to -80◦C samples (Figure 7d).
To identify the differentially expressed genes between the -20◦C and -80◦C samples, only sample pairs and genes with> 5 raw

counts in at least 50% of the samples (12642 genes) were included in the analysis. The analysis identified 137 upregulated and
1967 downregulated genes in the -20◦C samples (Figure 7e, Supplementary Table 5). To characterize the genes that were up -and
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F IGURE  Effect of urine storage temperature (-20◦C versus -80◦C) on mRNA sequencing of uEV. Results depict 24 uEV-mRNA samples including 4
pairs of urine samples stored in -20◦C versus -80◦C (pairs 1–4) and 16 more samples stored at –80◦C. All samples were stored for 1 year at the indicated
temperatures. Data was TMM normalized and analysed using edgeR. a. Alignment of raw sequencing reads to human genome using STAR. b. Sample to sample
correlation heatmap (10136 genes, with > 1 raw count in at least 90% of the samples). c. Principal component analysis (10136 genes, with > 1 raw count in at least
90% of the samples). d. Heatmap of 22 kidney-enriched genes (www.proteinatlas.org). e. Differential expression analysis of the -20◦C versus -80◦C pairs (4
pairs) (12642 genes, with > 5 raw counts in at least 50% of the samples). Volcano plot depicts differentially expressed genes. Adjusted p-values lower than 0.05
and log2 fold change ≥ 0.75 or ≤ -0.75 are highlighted in red. Principal component analysis (PCA), urinary extracellular vesicle (uEV)

http://www.proteinatlas.org
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F IGURE  Gene length, GC content and overlap with P-body transcripts of up- and down-regulated genes in uEV isolated from urines stored at -20◦C
versus -80◦C. a. Transcript length (if several transcripts were retrieved, the average length was calculated). b. Gene %GC content. c. Distribution of gene %GC
content in -20◦C and -80◦C samples. Genes with raw counts ≥ 5 were selected for the analysis. T-test for four paired samples (Type 1 Diabetes) was used to
assess differences between groups per percentage category. Urinary extracellular vesicles (uEV). d. Venn diagram of P-body enriched transcripts and
transcripts upregulated or downregulated in uEV by urine storage at -20◦C versus -80◦C

downregulated, transcript length and GC-content information of the genes was retrieved using BioMart. While the transcript
lengths did not differ, the GC-content was higher in genes downregulated by urine storage at -20◦C (Figure 8a and b). For further
exploration of the GC-contents, we analysed all genes with≥5 raw counts. This confirmed that samples stored at -20◦C contained
a significantly higher proportion of genes with a low (0-50%) GC-content (81.4%± 1.1%, n= 4) than the samples stored at -80◦C
(71.6% ± 0.1% n = 4) (t-test for paired samples; P < 0.01; Figure 8c). Inversely, for the high %GC categories (51%-60% and 61%–
80%), samples stored at -80◦C showed higher proportions (23.6% ± 0.1%, 4.7% ± 0.8%, respectively, n = 4) than the samples
stored at -20◦C (15.9%± 0.9%, 2.6%± 0.3%, respectively, n= 4) (t-test for paired samples; P< 0.01; Figure 8c). As P-bodies have
been found to enrich AU-rich transcripts (Courel et al., 2019), we next investigated whether the transcripts preserved at -20◦C
could be derived from P-bodies. Here, we used mRNA-seq data of 5202 transcripts shown to be enriched in sorted P-bodies
(log2FC > 1, FDR < 0.05, (Hubstenberger et al., 2017)) and compared them to the transcripts up- and downregulated by -20◦C
storage. Venn analysis showed that 67 out of the 137 (49%) upregulated mRNAs were also enriched in P-bodies compared to
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F IGURE  Gene ontology enrichment analysis of differentially expressed genes in uEV isolated from urine stored at -20◦C versus -80◦C. a. Top 20 GO
biological process of downregulated genes in the -20◦C group. No significant biological processes were found for upregulated genes. b. GO molecular function
of upregulated genes in the -20◦C group. c. Top 20 GO molecular function of downregulated genes in the -20◦C group. d. Top 20 GO cellular component of
upregulated genes in the -20◦C group. e. Top 20 GO cellular component of downregulated genes in the -20◦C group. Gene ontology (GO), Urinary
extracellular vesicles (uEV)

only 202 out of 1967 (10%) of the downregulated (Figure 8d). Thus, the -20◦C upregulated transcripts were relatively enriched in
P-body transcripts.
By gene set enrichment analyses (GO terms), we found that the downregulated genes in the -20◦C group weremainly involved

in biological processes associated to carbohydrate and lipidmetabolism (Figure 9a, Supplementary Table 6). Molecular functions
of downregulated genes in the -20◦C samples were related to DNA, GTPase, and cadherin binding (Figure 9c, Supplementary
Table 6), while most cellular components were associated to extracellular vesicle, extracellular exosome, extracellular organelle,
cytosol nucleoplasm and vesicle (Figure 9e, Supplementary Table 6). For up-regulated genes in the -20◦C group, no enriched bio-
logical processes were found.Molecular functions of the up-regulated genes were linked to RNAbinding and nucleic acid binding
(Figure 9b, Supplementary Table 6). Most cellular component ontologies in the upregulated genes from the -20◦C samples were
associated to nucleoid, mitochondrial nucleoid, spliceosome, mitochondrial inner membrane and organelle inner membrane
(Figure 9d, Supplementary Table 6).
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3.2.4 DNAse treatment affected the read distributions from mRNA-seq

We analysed the effect of in-column DNAse treatment during uEV RNA-isolation on mRNA-seq results. To this end, we used
sequencing data from 19 pairs of uEV isolates fromwhich RNAwas isolated+/- DNAse. uEV were isolated from urines stored at
–80◦C including urine donors with T1D and normo-, micro and macroalbuminuria. RNA profiles obtained using Agilent RNA
6000 Pico Kit were similar between +/-DNAse treatments (representative profiles in Supplementary Figure 5). Alignment of
raw sequencing reads showed that > 90% of reads mapped uniquely to human genome in both groups (-DNAse: 92.7% ± 1.5
%; +DNAse 90.6±1.6). Analysing the distribution of the mapped reads with RSeQC, we found that the RNA samples treated
+DNAse had a higher average proportion of 3′ untranslated region exons (3′UTR Exons), while the samples -DNAse treatment
had a higher average proportion of coding sequence exons (CDC Exons), 5′ untranslated region exons (5′UTR Exons), introns,
and intergenic parts, transcription start and end sites (TSS or TES within 10 kb) (Supplementary Figure 7 and 8, Supplementary
Table 7).
To estimate the number of genes captured in each group, we filtered the data to include genes with > 1 raw counts in at least

50% of the samples. The number of genes that passed the filter in the +DNAse group was slightly higher than for the -DNAse
group (16131 and 14803 genes, respectively). We applied a similar filter for protein coding genes and found that their numbers
were closely similar in both groups (+DNAse: 12950 genes, -DNAse: 12512 genes).
Exploratory analysis of the mRNA of log2CPM normalized counts by PCA showed a batch effect between groups (Supple-

mentary Figure 9), and consequently, no further comparisons of datasets were performed.

3.2.5 Urine storage temperature (-20◦C vs. -80◦C) affected the miRNA transcriptome of uEVs

To evaluate the effect of storage temperature onmiRNA transcriptome of uEV, the same total RNAwhichwas used for themRNA-
seq was subjected to miRNA-seq. Comparison of raw miRNA counts between the 4 sample pairs (-20◦C vs. -80◦C) showed that
themean counts for the -20◦C samples (4.57E+ 04± 1.3 E+ 04 reads, n= 4) were significantly lower than for the -80◦C samples
(8.7E + 05 ± 4.4 E + 05 reads, n = 4) (t-test for paired samples; P < 0.05, Figure 10a). MicroRNAs with > 1 raw counts in at
least one sample were selected for an exploratory analysis of the data (623 miRNAs). By sample-to-sample correlation analysis
or PCA of the 4 pairs (-20◦C vs. -80◦C) and 16 more samples (–80◦C), we did not find a clear clustering of the -20◦C and -80◦C
samples (Figure 10b and c). However, when only sample pairs were compared, a distance between the -20◦C and -80◦C groups
was evident in the correlation heatmap and by PCA (Supplementary Figure 10). To estimate the number of miRNAs in the -20◦C
and -80◦C samples, we filtered miRNAs with > 1 raw counts in all samples for each group. The number of miRNAs that passed
the filter in the -80◦C samples (162 miRNAs) was higher than in the -20◦C samples (48 miRNAs). To evaluate the differentially
expressed miRNAs between the -20◦C and -80◦C samples, only sample pairs were compared including miRNAs with raw counts
of > 1 in at least 50% of the samples (183 miRNAs). We found 4 upregulated and 29 downregulated miRNAs in -20◦C samples
(Figure 10d, Supplementary Table 8).

In summary, storage of urine at –20◦C compared to storage at –80◦C affected the detection of uEV protein markers, RNA
yield, mRNA and miRNA transcriptome. The type of urine collection, use of protease inhibitors and pre-clearing the urine
before freezing at -80◦C had no effect on the RNA yield. DNAse treatment had a small effect on RNA yield and the mRNA-seq
results.

. Development of an enrichment list to evaluate miRNA stability and concordance between
different uEV isolation methods

Most of the current uEV biomarker research is focused on miRNA but progress is hampered by varied outputs from different
uEV isolation methods and lack of housekeeping miRNAs. Thus, we decided to develop a miRNA enrichment list to identify
stable miRNAs from different uEV isolation methods. First, we defined a list of miRNAs commonly enriched in the uEV isolates
(enriched miRNAs) using miRNA expression data derived from one miRNA-seq platform and one microarray platform, as well
as data in Vesiclepedia (Pathan et al., 2019). The miRNA-seq data was from uEV isolates and microarray data from uEV isolates
and their paired urine samples - all from healthy male controls. For miRNAs enriched in EV or urine, we ranked the results
from both platforms from the highest to the lowest expression, after which the top expressed miRNAs were cross compared.
From miRNAs in uEV, we selected those that were highly expressed in both platforms and absent or lower expressed in urine
samples according to the microarray data. In addition, we cross-compared that the selected miRNAs had entries in Vesiclepedia
(Supplementary Table 9).
For piloting the stability of the 14 miRNAs in the enrichment list, we evaluated 3 published miRNA-seq datasets comparing

uEV isolation methods. Here we selected studies with more than 5000 raw miRNA counts in all samples and isolation methods.
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F IGURE   Effect of urine storage temperature (-20◦C vs. -80◦C) on uEV miRNA sequencing. Results depict 24 uEV miRNA samples including 4 pairs
of urine samples stored in -20◦C versus -80◦C (pairs 1–4) and 16 more samples stored at –80◦C. All samples were stored for 1 year at the indicated
temperatures. Data was TMM normalized and analysed using edgeR. a. miRNA raw sequencing reads. b. Sample-to-sample correlation heatmap (623 miRNAs,
with > 1 raw count in at least one sample). c. Principal component analysis (623 miRNAs, with > 1 raw count in at least one sample). d. Differential expression
analysis of -20◦C versus -80◦C pairs (4 pairs) (183 miRNAs, with > 1 raw count in at least 50% of the samples). Heatmap showing the 33 differentially expressed
miRNAs (4 upregulated and 29 downregulated in -20◦C samples). MicroRNAs with adjusted p-values lower than 0.05 and a log2 fold change ≥ 0.75 or ≤ -0.75
were considered differentially expressed between groups. Principal component analysis (PCA), urinary extracellular vesicles (uEV)
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Dataset from Barreiro et al consisted of miRNAs from uEV isolates obtained by 3 methods (hydrostatic filtration dialysis, UC
and Norgen Biotek urine exosome purification and RNA Isolation midi kit). Urines were derived from 5 healthy male controls
and 5 men with diabetic kidney disease manifesting with macroalbuminuria. The expression levels of enriched miRNAs in uEV
isolates were high and did not differ between methods (Figure 11a).

Dataset ofMussack et al includedmiRNAs fromuEV isolates derived from six healthymen and isolation by 5methods (Norgen
Biotek urine exosome purification and RNA Isolation midi kit, Miltenyi Biotec exosome isolation kit pan, Qiagen exoRNeasy
serum/plasma midi kit, miRCURY exosome isolation kit – cells, urine and CSF, and UC). Analysis of the enriched miRNAs in
uEV isolates showed that formost of the isolationmethods, thesemiRNAswere highly and stably expressed. Some of themiRNAs
appeared to be less expressed in samples isolated by Norgen isolation kit (Figure 11b).
Dataset from Srinivasan et al comprised miRNAs from uEV isolates of 3 technical replicates of pooled healthy male urines.

Authors filtered samples per library size. Four uEV isolation methods (System Biosciences ExoQuick, Qiagen ExoRNeasy Midi
kit, UC,Millipore ultrafiltration) and a total RNA isolationmethod (QiagenmiRNeasymicro kit) passed author’s filters and were
included in our analysis. Similarly to other datasets, enriched miRNAs were highly and stably expressed in uEV isolates from
most of the isolation methods. Only hsa-miR-23b-3p appeared to be less expressed in the samples isolated by ExoRNeasy, UC
and ultrafiltration (Figure 11c).
Finally, we studied our data from the uEV isolates from urines stored at -20◦C and -80◦C. The enriched miRNAs were equally

expressed in both groups except for hsa-miR-10a-5p, which was significantly higher in uEV isolates from -20◦C than -80◦C
urines (Figure 11d).
Taken together, the results showed that the enriched miRNAs in our list were highly and stably expressed in diverse datasets

which highlights their robustness.

 DISCUSSION

Interest in uEV as a source for biomarkers has increased steadily in recent years. However, little is known about the effects of
pre-analytical variables on urine and uEV cargo stability in the long term. To contribute to the standardization efforts in the EV
field including those of the International Society of Extracellular Vesicles and urine biobanking activities, we explored the effect
of basic pre-analytical variables on the quality of the uEV isolates for their application in transcriptomics research.
We first evaluated the effect of short- to long-term storage, up to 24 months, of both urine and isolated uEV in PBS at -80◦C.

By NTA, we found that uEV were stable during the storage, and both storage modalities stored the assessed particles equally well
in terms of particle concentration and size distribution (Tables 1 and 2). Oosthuyzen et al., 2013 reported a decrease in particle
concentration (evaluated as area under the curve for particles sized 20–100 nm) already after 2 h of storage at -80◦C, while Yuana
et al., 2015 reported a modest increase of particle concentration (2-fold increase) and diameter (17%) in samples stored at -80◦C
for 1 year. However, these studiesmeasured the particles in cell-free urinewhile wemeasured particles fromuEV isolates obtained
by UC. Other reports on short-term storage of EV derived from cell cultures and plasma are in line with our findings (Sarker
et al., 2014; Sokolova et al., 2011). As the current isolation and analysis workflows are prone to some variation, we suggest that
changes in the particle concentrations should be>> 3x (and statistically significant) to be considered truly significant. Our data
also showed preservation of uEV morphology, protein profiles, and EV markers at -80◦C for at least 2 years either as urine or
as isolated uEV in PBS (Figures 2 and 3). These findings agree with the previous reports on storage of urine or cell free urine at
-80◦C up to 1 year (Yuana et al., 2015; Zhou et al., 2006). The equal preservation of uEV in PBS and urine is relevant information
for biobanks and other sample collections considering storing isolated uEV, which would consume a lot less cryostorage space
than urine.
The uEV RNA yields from > 100 urine samples stored up to 4 years at -80◦C appeared stable in various pre-analytical study

settings. As we included samples with different albuminuria status, this suggests that urine composition does not affect uEV
RNA stability (Figures 6a and Supplementary Figure 4 and 6). Focusing on the pre-analytical steps relevant to biobanks, we
observed no effect of collection type or addition of (relatively expensive) protease inhibitors before freezing, or pre-clearing of
urine, which adds hands-on time prior freezing. However, it should be noted that the effect of pre-clearing depends e.g. on the
collection properties- the amount of cells in urine - and pre-clearing is generally recommended for uEV studies (Erdbrügger
et al., 2021) (Supplementary Figure 6).
Studying themorphology of uEV in fresh versus frozen samples by EM,we observed the presence of spiked particles in some of

the fresh urine samples (Figure 4). These spiked particles were scarcely detected in frozen samples even after a short-term storage
at -80◦C. A plausible explanation for this phenomenon is a change of the spike protein structure due to freezing as reported e.g.
for SARS-CoV2 under diverse storage conditions (Edwards et al., 2021). As the spiked particles had a homogenous size (56 nm)
compatible with not only uEV, but also viruses, we addressed the question whether the most prevalent urinary polyomaviruses
were commonly co-isolating with uEV (Goetsch et al., 2018; Polo et al., 2004). JC- and BK-polyomavirus infections are common
and usually asymptomatic during childhood, but the virus persists in the kidney and urinary tract in adulthood and may be
detectable in asymptomatic adults (Goetsch et al., 2018). By qPCR, we found both the JC- and BK-polyomavirus in uEV isolates



 of  BARREIRO et al.

F IGURE   Comparison of miRNAs enriched in the uEV isolates from this study or in previous publications evaluating uEV isolation methods. The list
of miRNA enriched in uEV isolates was build based on healthy male -derived data from two different miRNA platforms and Vesiclepedia. The plots show the
miRNA expression levels from different miRNA-seq studies including only men. a. Barreiro et al., 2020. uEV were isolated from healthy controls and
individuals with type 1 diabetes and macroalbuminuria. Raw counts were TMM normalized using edgeR. b. Mussack et al., 2019. uEV were isolated from
healthy controls. Trimmed sequences were aligned using Chimira and counts were TMM normalized using edgeR. c. Srinivasan et al., 2019. Data selected for
our analysis is derived from uEV or exRNA isolated from pooled urines of healthy controls (technical replicates). RPMSmiR counts were log2 transformed. d.
uEV isolated by UC from urine sample pairs (4 pairs) stored at -20◦C and -80◦C. Urine samples included were from individuals with type 1 diabetes and
micro- or macroalbuminuria. Hsa-miR-10a-5p was found to be upregulated in -20◦C group (figure 9). Counts per million (CPM), exosome Isolation Kit Pan,
human (Exosome isolation kit), false discovery rate (FDR), hydrostatic filtration dialysis (HFD), ultracentrifugation (UC), reads per million scaled miRNA
(RPMSmiR), urinary extracellular vesicles (uEV), urine Exosome Purification and RNA Isolation Midi Kit (NG)
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and JC-polyomavirus also in urine. The discrepancy between the detection of BK-polyomavirus in uEV isolates but not in urine
could be due to an enrichment of viral particles by UC. In conclusion, the possible presence of viral particles in urine samples
should be considered when isolating uEV, since they can contribute to the total number of particles in the isolates and introduce
nucleic acid contamination, DNA in the case of polyomaviruses, to the samples. Our results suggest that never frozen urine is
the best choice for quality control of uEV isolates by EM, as it allows the visualization of surface characteristics of particles.
Many large urine sample collections are stored at -20◦C for years. This may be due to lack of cold storage resources or guide-

lines in urine storage for uEV studies. One of the aims of the present study was to explore how urine samples stored at -20◦C
differ from the ones stored at -80◦C, and whether the -20◦C samples can be used for uEV research. Even if we did not observe
morphological changes in uEV by EM, storage at -20◦C reduced uEV RNA and EV protein marker yields after 4 months (Fig-
ure 6b, Supplementary Figure 3, 6A-D). As the uEV RNA and proteins were still preserved at the 1.5 month storage time point,
our results agree with the previous reports of short-term stability of EV proteins at -20◦C including urine stored for 1 week and
cell -derived EV stored for 10 days (Lee et al., 2016; Zhou et al., 2006). We thus hypothesize that already a mid-term storage of
urine at -20◦C (2-3 months) may affect the stability of some EV markers and RNA yield. In contrast to our data, no differences
were observed in RNA yield of EV isolated from plasma stored up to 5 years at -20◦C compared to fresh samples (Ge et al., 2014).
Thus, results may vary between biofluids and EV (and RNA) stability during storage should be assessed separately in each case.
Storage at –20◦C affected also the sequencing results. Although the number of raw reads in uEV mRNA-seq from the urines

stored at -20◦C for 1 year was acceptable (above 4 million reads), they were lower than from the urines stored at -80◦C. PCA and
sample-to-sample correlation analysis showed sample separation by storage temperature, which was explained by the finding
that 16% of the genes were differentially expressed, with a predominant downregulation, also among the kidney-enriched genes,
in the uEV of the -20◦C group (Figure 7). As these results suggested degradation of a part of the uEV transcriptome, we assessed
whether some specific types of transcripts, e.g. long, were degraded more than others. Interestingly, even if the transcript lengths
of the up- and down- regulated genes did not differ, the -20◦C down-regulated genes had a higher GC-content than the up-
regulated ones (Figure 8b and c). Conversely, -20◦C samples were rich in genes with high AT-content. Transcription of GC-rich
genes is more efficient than that of AT-rich genes, and consequently, GC-rich transcripts are more abundant (Kudla et al., 2006).
High GC-content of transcripts also contributes to their cytosolic localization (Mordstein et al., 2020). AU-rich transcripts are
less abundant and mostly located in cytoplasmic processing bodies (P-bodies) (Courel et al., 2019) or in the nucleus (Mordstein
et al., 2020). Transcripts located in the cytosol and P-bodies can be exported to EV (Fabbiano et al., 2020). Thus, both GC- and
AU-rich transcripts can be found in uEV isolates inside EV or as part of cellular remnants. Therefore, a plausible explanation
for our observations is that transcripts that suffer degradation at -20◦C are the most abundant ones (high GC-content). Then,
during sequencing library preparation, there would be proportionally more AU-rich transcripts in the -20◦C samples available
for amplification resulting in over amplification. This couldmean that evenwhen nominal levels of AU-rich transcripts would not
differ between -20◦C and -80◦C samples, such transcripts could become over-represented in the -20◦C libraries. However, this
finding should be confirmed for example by using library preparation kits, which include unique molecular identifiers (UMIs).
In addition, as almost half of the -20◦C upregulated transcripts were also enriched in P-bodies (Figure 8d), it is possible that AU-
rich transcripts enjoy a better protection from degradation at -20◦C by e.g., some P-body or EV-components than the GC-rich
transcripts. Likewise, factors known to influence RNA degradation such as mRNA structure (Akiyama et al., 2016; Andrzejewska
et al., 2020), poly-A tail length contributing to protective structures at 3′ end (Akiyama et al., 2016), and preference of nucleases
for certain sequences (Courel et al., 2019) should be considered. Gene ontology analysis revealed that the downregulated genes
in the -20◦C group were associated with biological functions of glucose and lipid metabolism and with the compartment of EV
(Figure 9). Hence, uEV isolated from urine stored at -20◦C are a poor source for studies of EV or sugar and lipid metabolism in
e.g. diabetes or diabetic kidney disease. Based on themRNA-seq results, we would recommend to avoid -20◦C stored samples, or,
at least, avoid mixing mRNA-seq data from samples stored at different temperatures. Many of the results from mRNA-seq were
replicated bymiRNA-seq, including differential expression of 18% of themiRNAwith predominant downregulation in the -20◦C
stored samples (Figure 10 and Supplementary Figure 10). The -20◦C stored samples gave significantly less miRNA raw reads and
detected miRNAs (-3 fold) than -80◦C stored samples. Thus, the same recommendations apply to miRNA-seq as presented for
mRNA-seq. Nevertheless, if analysis of –20◦C stored samples or mixing of samples from different storage temperatures cannot
be avoided in sequencing, the storage time of the compared samples should be considered and/or the analysis could be directed
towards the most stable transcriptomes (Figure 8 and Figure 11).
It is commonly recommended to treat RNA samples to be sequenced with DNAse I to reduce the misinterpretation of DNA

reads as RNA reads. In practice, the effect of DNAse treatment should be observed as a reduction of the fraction of intergenic
reads (Griffith et al., 2015), if significant amounts of DNA are present in the sequenced samples. However, the amount of DNA
is generally low in cell-free samples, including urine (Oreskovic et al., 2019; Streleckiene et al., 2018). As the RNA content of EV
samples is also low in comparison to cell or tissue RNA and theDNAse treatment reduces RNA yields (Norhazlin et al., 2015; Pang
et al., 2020), the risk of losing the precious EV-RNA due to the treatment is high. We thus regarded relevant to investigate the
necessity of the DNAse treatment by analysing RNA yield and mRNA-seq results from uEV. In agreement with previous studies,
we observed a slightly reduced RNA and DNA yield in the +DNAse samples with all RNA isolation methods tested (Figure 6c
and d). The mRNA-seq read distributions had low, but consistent, differences between the+/-DNAse groups. Intergenic regions
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were higher in the -DNAse samples compared to the+DNAse samples, but the proportion was less than 1% in both sample types.
Coding exonic reads were higher in the -DNAse samples, but the percentage of this category was over 80% in both groups, which
indicates a good library preparation (Supplementary Figure 7 and 8). Further, as there were no great differences in the number of
all detected and protein coding genes, we conclude that RNA isolation both +/-DNAse coupled to poly-A approach for library
preparation generated acceptable quality of sequencing. It is worth noting that this result is not likely to apply if random primers
are used to generate sequencing libraries, because this approach yields a higher fraction of intergenic reads (Sultan et al., 2014;
Zhao et al., 2014). However, as read distributions differed and PCA showed a batch effect between groups (Supplementary Figure
9), we would not recommendmixing samples extracted+/-DNase in the same analysis. Either sample type can be analysed alone
or a batch effect correction method tested.
EV isolationmethods are based on variable physicochemical principles and therefore theymay enrich different EVpopulations

or other sample components (Merchant et al., 2017). Thus, when isolating uEVwith differentmethods,miRNA-seq results usually
differ (Barreiro et al., 2020; Mussack et al., 2019; Park et al., 2020). As a result, the EV field has not yet been able to identify stable
housekeeping miRNAs. We approached this problem by compiling a list of 14 miRNA commonly enriched in uEV isolates in a
hope to identify stable miRNAs between EV isolation methods (Figure 11). We validated the list using miRNA-seq datasets from
three published studies, where authors compared three or more uEV isolationmethods (Barreiro et al., 2020; Mussack et al., 2019
and Srinivasan et al., 2019); the miRNA expression levels were stable and highly concordant between the uEV methods, except
for one isolationmethod and onemiRNA in two of the studies.We also found a high concordance between the enrichedmiRNAs
in uEV isolates from urines stored at –20◦C and –80◦C – surprising, given the lower number of reads from the -20◦C samples.
It is remarkable that the enriched miRNAs were stable and concordant in all the datasets despite that they were generated from
different urine samples using various uEV and RNA isolation workflows, with different library preparation kits and different
sequencing platforms. We thus conclude that our enrichment list is quite robust. We propose that the enrichment list could be
tested for data normalization. It could also be further developed by incorporating data from women and e.g. groups of more
variable miRNAs to better assess the concordance of uEV isolation methods for miRNA-seq. We also want to point out that the
robustness is a positive sign that a common stable transcriptome, “biofluid -specific housekeeping exRNA signature”, exists and
seems feasible to be defined in future efforts of uEVmethod standardization including those of the extracellular RNA consortium
or miREV (Hildebrandt et al., 2021).
We acknowledge that we only used UC for isolating the uEV. Many isolation methods are currently available which use other

principles of EV isolation. For example, our results of long-term storage stability of isolated uEV in PBS may not be reproduced
if uEV were isolated using a kit with a different suspension buffer than PBS. However, since UC has been and is still the most
used method to isolate EV (Royo et al., 2020), our results of urine storage are useful and may also serve as a guidance even when
other isolation methods will be employed. For urine storage temperature experiments assessing EV protein marker stabilities,
only a limited number of time points were tested. Thus, a study with higher number of samples and time points could allow
determination of the exact time period (between 1.5 and 4 months), when uEV become unstable at -20◦C. We did not include
NTA analysis for the samples stored at different temperatures, although it could help to understand if the reduced yields of RNA
and EV protein markers in the -20◦C samples correlate with a reduction in the uEV numbers. Our study set-up for protease
inhibitors was better for comparing the RNA yields between the short and long storage time points within a group (either + or
– PI) than for comparing between groups (+ vs. – PI). This was due to other differences between the groups than the inclusion
or omission of PI, e.g., urine collection type. In the pre-clearing test, the number of samples was low, which affects the statistical
power. Thus, the protease inhibitors and pre-clearing results should be confirmed using a higher number of paired samples. We
used poly-A library preparation to compare RNA-seq between samples stored at -20◦C and -80◦C, but poly-A approach is not
optimal for degraded samples (Schuierer et al., 2017). As part of the RNA from the -20◦C samples was degraded (apparent from
the RNA yield and sequencing results and Bioanalyzer profiles, Supplementary Figure 5), a library preparation approach suitable
for degraded RNA could be tested to improve sequencing results (Adiconis et al., 2013).

Finally, we have summarized our results and present recommendations on how to store and handle samples for transcriptomic
studies of uEV in Figure 12. Our enrichment list comprising miRNAs commonly enriched in the uEV isolates can be used as a
starting point to define the least variable uEV transcriptome independent from the used isolation and analytics workflows and
for normalization attempts. We hope that the list and our findings and recommendations help to expedite standardization of the
uEV biomarker field.
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F IGURE   Summary of results and recommendations. Never frozen refers to uEV isolated from fresh urine and kept at +4◦C for a maximum of 1 day.
Electron microscopy (EM), not applicable (NA), not determined (ND), not compared but data presented in the manuscript supports the statement (No
difference)*, overnight (ON), principal component analysis (PCA), sequencing (seq), urinary extracellular vesicles (uEV), with DNAse treatment (+DNAse),
with pre-clearing before freezing (+pre-clearing), with protease inhibitor (+PI), without DNAse treatment (-DNAse), without pre-clearing before freezing
(-pre-clearing), without protease inhibitor (-PI).
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