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Abstract
Urinary extracellular vesicles (uEVs) are rich in valuable biomolecule information
which are increasingly recognized as potential biomarkers for various diseases. uEV
long RNAs are among the critical cargos capable of providing unique transcrip-
tome information of the source cells. However, consensus regarding ideal reference
genes for relative long RNAs quantification in uEVs is not available as of date. Here
we explored stable reference genes through profiling the long RNA expression by
RNA-seq following unsupervised analysis and validation studies. Candidate reference
genes were identified using four algorithms: NormFinder, GeNorm, BestKeeper and
the Delta Ct method, followed by validation. RNA profile showed uEVs contained
abundant long RNAs information and the core transcriptome was related to cellular
structures, especially ribosome which functions mainly as translation, protein and
RNA bindingmolecules. Analysis of RNA-seq data identified RPL18A, RPL11, RPL27,
RACK1, RPSA, RPL41, H1-2, RPL4, GAPDH, RPS27A as candidate reference genes.
RT-qPCR validation revealed that RPL41, RPSA and RPL18A were reliable reference
genes for longRNAquantification in uEVs frompatientswith diabetesmellitus (DM),
diabetic nephropathy (DN), IgA nephropathy (IgAN) and prostate cancer (PCA).
Interestingly, RPL41 also outperformed traditional reference genes in renal tissues
of DN and IgAN, as well as in plasma EVs of several types of cancers. The stable
reference genes identified in this study may facilitate development of uEVs as novel
biomarkers and increase the accuracy and comparability of biomarker studies.
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 INTRODUCTION

Extracellular vesicles (EVs) represent a heterogeneous group of bilayer membrane nanoparticles that can be released by almost
any cell (Merchant et al., 2017). They are present in nearly all body fluids, including urine and blood (Cheng et al., 2014; Pisitkun
et al., 2004). EVs are enriched in selected proteins, nucleic acids and lipids from their origin cells and play crucial roles in
cell signalling and communication in pathophysiological settings (Pegtel & Gould, 2019). Urinary EVs (uEVs) have generally
been considered to originate largely from epithelial lines the nephron and urinary tract which may carry biomarkers of urinary
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disorders, and consequently gained significant interest as potential fluid-biopsy tool (Erdbrügger et al., 2021). Besides, uEVs
also are emerging as sources of biomarkers for other non-urinary system and malignance’s diseases (Wang et al., 2019; Yasui
et al., 2017). Among the EV content, RNAs have attracted increasing interest due to their high stability owing to protection of
the vesicle structure (Miranda et al., 2010). In recent years, uEV RNAs have been reported as potential biomarkers for various
urologic diseases. uEV PCA3 and ERG mRNAs are efficient in discriminating patients as high-risk for prostate cancer (PCA)
on initial biopsy, which has been extensively validated in prospective multi-centre studies and approved by the Food and Drug
Administration (FDA) (McKiernan et al., 2016, 2018). RNA profiles of EVs are also powerful tools for disease diagnosis as well
as monitoring of the progression (He et al., 2021; Luo et al., 2022). He et al. used RNA sequencing to identify candidate circRNAs
from uEVs and built a uEV circRNA classifier, which plus risk calculators was statistically more predictive for high-grade PCA
(He et al., 2021).
Undoubtedly, the accurate quantification of nucleic acidswithin EVs is critical in exploring EVRNAs as biomarkers. According

to the position paper by International Society for Extracellular Vesicles (ISEV),methodological aspects need further optimization
and standardization to foster advances in uEV research (Erdbrügger et al., 2021). The lack of standardization ofmethods for RNA
isolation and quantification is one of the main challenges (Das et al., 2019). Selecting appropriate endogenous reference genes
to correct for nonbiological variation is a basic prerequisite for accurate quantification of RNA transcripts (Bustin et al., 2009).
Therefore, there is an urgent need to identify suitable reference genes for uEV research.
The ideal reference genes should exhibit constitutively stable expression independent of biological variations or disease stages

(Vandesompele et al., 2002).The common reference genes used for standardizing gene expression in EVs includeβ-actin,GAPDH
and U6, taking from tissue or cell lines research (Huang et al., 2020; Wu et al., 2021; Zhan et al., 2018). However, accumulating
evidence has shown that the expression level of these classic reference genes may fluctuate markedly in EVs and are unsuitable
for standardization purposes (Dai et al., 2021; Gouin et al., 2017). Therefore, searching for new reference genes is the premise
to accelerate the pace of RNA biomarker study in uEVs. Previous studies have evaluated suitable reference genes for microRNA
quantitation in EVs from different types of cells and tissues (Hildebrandt et al., 2021). However, studies about the reference genes
for long RNAs in uEVs are still very limited. Diabetic nephropathy (DN) is a devastating complication in patients with diabetes
mellitus (DM) which is the leading cause of chronic kidney disease worldwide (Doshi & Friedman, 2017). The quest for novel
biomarkers for early diagnosis and prognosis has received intense interest in recent years (Colhoun&Marcovecchio, 2018). uEVs
may represent a new approach of searching novel biomarkers for DN.
Here we aimed to characterize the long RNA profile within uEVs from healthy controls, DM and DN patients, and explored

reference genes that are reliable for the analysis of gene expression changes. Unsupervised analysis of long RNA-Seq dataset
was performed, followed by validation in other diseases of urinary system, as well as renal tissues and plasma EVs samples of
different cancers using real time quantitative polymerase chain reaction (RT-qPCR) and gene expression data. We identified that
ribosomal protein genes, RPL41, RPSA and RPL18A are stable reference genes for long RNAs in urine EVs. Importantly, those
reference genes are also stable in tissues and plasma EVs dependent on the specific disease conditions, indicating their application
potential in EVs biomarker study.

 MATERIALS ANDMETHODS

. Patients and controls

All of the studies were approved by the Ethical Committee of Affiliated Zhongda Hospital of Southeast University. Clinic infor-
mation was acquired from the medical record system of Zhongda Hospital Southeast University. Written informed consent was
obtained from all of the subjects to use their urine for research purposes.
In the next generation sequencing (NGS) cohort, 14 healthy controls (HC), 16 patients with diabetes mellitus (DM) and 10

patients with biopsy-proven diabetic nephropathy (DN) were enrolled. In the validation study, another independent cohort of
37 healthy control individuals, 35 DM and 34 DN patients were included. Besides, other common primary glomerulopathies
including 30 IgA nephropathy (IgAN), 35membranous nephropathy (MN) as well as 26 patients with prostate cancer (PCA)were
included. The exclusion criteria were as follows: patients with severe liver injury, cancer, severe complications of cardiovascular
disorder, urinary tract infection and renal replacement therapy.

. uEVs isolation and characterization

The first morning urinary samples were collected from patients with DM, DN, IgAN, MN, PCA and healthy controls, followed
by EV purification using differential ultracentrifugation as described previously (Tataruch-Weinert et al., 2016). In brief, urine
supernatant was thawed and swirled for 90 s to increase EV recovery, and then centrifuged at 17,000 g for 20 min at 4◦C.
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Sodium citrate and EDTA with final concentrations of 50 and 8 mM, respectively were added to the supernatant to prevent
the formation of calcium oxalate crystals. Then the samples were ultracentrifuged at 150,000 × g for 2 h (Type 70 Ti rotor,
Optima XPN-100, Beckman Coulter, USA) at 4◦C. Moreover, the EV pellets were washed with 0.01 M phosphate buffered brine
(PBS) (pH 7.4) by repeated ultracentrifugation. Finally, the pellets were resuspended in PBS and stored at−80◦C for subsequent
applications.
For EV characterization, uEVs were observed by electron microscope. Briefly, the purified EVs were diluted five times with

PBS and then applied to 200-mesh nickel grids. Samples were stained with 2% phosphotungstic acid for 5 min and dried at room
temperature. EVs were examined using a transmission electron microscope (JEM1200EX, Japan) at 100 kV. Nanoparticle track-
ing analysis (NTA) was performed using the ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany). Sample parameters:
Temperature: 19.05◦C; pH: 7.0; Conductivity: 32.04 μS/cm; Instrument parameters: Laser Wavelength: 488 nm; Filter Wave-
length: Scatter; Measurement Parameters: Cell S/N: ZNTA; Analysis Parameters: Max Area: 1000, Min Area: 5, Min Brightness:
20. Briefly, purified EVs were appropriately diluted using 1× PBS buffer and the particle size and concentration were measured.
The corresponding software, ZetaView 8.04.02, analysed collected data from the ZetaView. Resuspension volumes and dilution
factors were used to convert the yield from concentration to an accurate number of particles.
For western blotting analysis, isolated EVs from equal volume of urine were lysed in RIPA Lysis Buffer (Beyotime, China) with

1% protease inhibitor (Beyotime, China). Then samples were loaded on 10% SDS-PAGE, followed by transferring to the PVDF
membrane (Millipore, USA). The membrane was blocked with 5% milk in TBST for 2 h and incubated overnight with primary
antibodies as follows: anti-Alix (1:500, sc-53540, Santa Cruz), anti-CD63 (1:2000, ab134045, Abcam), CD9 (1:2000, 60232-1-
Ig, Proteintech). Secondary HRP-conjugated antibodies (anti-mouse IgG, anti-rabbit IgG) and enhanced chemiluminescence
detection reagents were applied for detection by an ECL advanced system (GE Healthcare).

. RNA isolation of uEVs and next generation sequencing

Wehave developed an optimal strategy to extract and sequence EV long RNAs which includemRNA, lncRNA longer than 200 nt
(Lai et al., 2022). Total RNA extraction was performed using TRIzol (Vazyme, China) according to the manufacturer´s instruc-
tions and eluted in 20 μL of RNase-free water. To confirm that non-vesicle RNAswere not included in the EVs samples, we treated
uEVs with 10 μg/mL proteinase K for 30mins at 37◦C or 0.1 μg/μL RNase A for 10 mins at 37◦C before RNA isolation. According
to the improved strategy of preparing EV RNA-seq library proposed by Li et al. (Li et al., 2019), we treated all RNAs extracted
fromuEVswithDNase I (NEB, Ipswich,Massachusetts, USA) to remove residualDNAs. The purifiedRNAswere fragmented and
used to prepare strand-specific sequencing library with SMARTer® Stranded Total RNA-Seq Kit—Pico InputMammalian (Clon-
tech, USA). ZapR and R-Probes were used to eliminate ribosomal cDNAs. The quality of RNA-seq library was then evaluated by
Qubit fluorometer (Thermo Fisher Scientific, USA) and Qsep100 (BiOptic, China), and the libraries were sequenced by Illumina
sequencing platform (San Diego, USA) on a 150 bp paired-end run. Subsequently, the qualified sequencing reads were screened
by FastQC (version 0.11.8) and mapped to the human genome (GRCh38) with ‘two-pass’ mode using the RNA-seq aligner STAR
(version 2.7.1a) (Dobin et al., 2013). Finally, we quantified the expression levels of genes annotated with GENCODE V29 by Fea-
tureCounts (version 1.6.3) and normalized into transcripts per kilobasemillion (TPM). TheGenome Sequence Archive accession
number for RNA-seq data is PRJNA1021334 (https://dataview.ncbi.nlm.nih.gov/object/PRJNA1021489).

. Real time quantitative polymerase chain reaction (RT-qPCR)

cDNAs were reverse transcribed using 5×HiScript III qRT SuperMix (Vazyme, China). RT-qPCR was performed with ChamQ
SYBR qPCR Master Mix (Vazyme, China) and QuantStudio5 Cycler (Applied Biosystems, USA). The total volume for qPCR is
10 μL per reaction, including 5 μL SYBR Green Master Mix, 0.2 μL forward primer (10 mM), 0.2 μL reverse primer (10 mM),
3.6 μL RNase free ddH2O and 1 μL DNA sample. Cycling conditions were set as follows: Hot start step at 95◦C for 5 mins
(recommended by the PCR reagent manufacture), 40 cycles of 95◦C denaturation step for 10 s plus 60◦C annealing/elongation
step for 30 s, finally dissociation step at 95◦C for 15 s, 60◦C for 60 s and 95◦C for 15 s followed by fluorescence plate read. Primer
sequences and the products length for RT-qPCR were shown in Table 1.

. Bioinformatics

For Gene Ontology (GO) analysis, the functional annotation tool available within DAVID Website (http://david.abcc.ncifcrf.
gov/) was used. Heatmap and enrichment bubble diagram were plotted by https://www.bioinformatics.com.cn, an online
platform for data analysis and visualization.

https://dataview.ncbi.nlm.nih.gov/object/PRJNA1021489
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
https://www.bioinformatics.com.cn
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TABLE  Primer sequences for RT-qPCR for candidate reference genes.

Gene name Forward (′−′) Reverse (′−′) Ampilcon size (bp)

Homo RPL18A ACCCAGTGCTACCGAGACAT AGTCGTGGAACTGCTTGACA 124

Homo RPL11 TGGGTAGGCCAGGTTTCAGC GCCTCCTCTTTGCTGATTCTGT 85

Homo RPL27 CTACCCCCGCAAAGTGACAG ACGACAGTTTTGTCCAAGGG 144

Homo RACK1 TGTCTTGTGTCCGCTTCTCG ATAGCCTGTGTGGCCAATGT 131

Homo RPSA GCTCGTGCAATTGTTGCCAT CAAACTTCAGCACAGCCCTC 88

Homo RPL41 TTCATCGCCCTCTGATCGC CAGAATGTCACAGGTCCAGGG 96

Homo H1-2 ACTCTGGTGCAAACGAAAGG CTTAGGTTTGGTTCCGCCCG 114

Homo RPL4 GGAACACCATTCTTCGCCAG ATTTGGCTTGTAGTGCCGCT 84

Homo RPS27A TGTTGAGACTTCGTGGTGGTG CGAAGGCGACTAATTTTGCCAT 145

Homo GAPDH CTCTGCTCCTCCTGTTCGAC GCGCCCAATACGACCAAATC 121

Homo ACTB AGCGAGCATCCCCCAAAGTT GGGCACGAAGGCTCATCATT 285

. Candidate reference genes identification

To identify stable reference genes, we evaluated next-generation sequencing data from uEV samples. Candidate reference genes
were analysed using four algorithms for gene stability evaluation: NormFinder (Andersen et al., 2004), GeNorm (Vandesompele
et al., 2002), BestKeeper (Pfaffl et al., 2004) and the comparative Delta Ct method (Silver et al., 2006), The four algorithms
used here were provided by a web-based tool RefFinder, which was developed for assessing and screening reference genes from
extensive experimental datasets. The geometric mean (geomean) of each gene ranking across various methods was eventually
calculated, leading to a consensus stability score. The reference gene with final lowest value were considered as the most stable
(Xie et al., 2012). A link to the web-based software could be found at: http://heartcure.com.au.

. Statistical analysis

Data are expressed as mean ± standard deviation (SD). A two-tailed unpaired Student’s t-test or Mann–Whitney U test was
used for comparison between two groups, and one-way ANOVA was performed for comparisons of data with more than two
groups for multiple comparisons. The combined value of the candidate reference genes is calculated using the geometric mean
(Vandesompele et al., 2002). Statistical analysis was performed usingGraphPad Prism 7.0 (GraphPad Software, USA).Differences
with p < 0.05 were considered as statistically significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

 RESULTS

. Clinical characteristics and characterization of urinary EVs

For reference gene identification and validation, the long RNA transcriptome was profiled with next-generation deep sequenc-
ing (RNA-seq) from uEVs isolated from healthy individuals, DM and DN patients. Based on the gene abundance and stability
assessed by four algorithms for reference gene evaluation with the long RNA-seq data, 10 candidate reference genes were selected,
which were then validated using RT-qPCR by using uEVs derived from various diseases of urinary system. Gene expression data
of renal tissues and plasma EV samples from different cancers were also included for validation. The detailed workflow diagram
for the selection and validation of reference genes was shown in Figure 1a.
For screening cohort, patient demographics and baseline characteristics including age, gender, total cholesterol and triglyceride

werematched among healthy controls, DM andDN groups. DN patients showed lower level of estimate glomerular filtration rate
(eGFR, mean (Erdbrügger et al., 2021), 70.76 [28.64] mL/min/1.73 m2), higher levels of serum creatinine (SCr, mean (Erdbrügger
et al., 2021), 104.4 [32.14] umol/L) compared to both healthy controls and T2DM patients. Clinical and laboratory characteristics
of the validation cohort are summarized in Table 2. The demographic and baseline characteristics were similar between patients
and healthy controls. Compared to HC, patients with DN and IgAN displayed higher level of SCr, lower levels of plasma albumin
and eGFR.
A typical size and shape of uEVs with membrane structures were shown by transmission electron microscopy (TEM)

(Figure 1b). Western blot analysis detected the expression of EV protein markers including Alix, CD63 and CD9 in isolated

http://heartcure.com.au
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F IGURE  Workflow diagram for identification of stable reference genes and characterization of uEVs. (a) Reference genes were screened from long
RNA-seq data. Identification of candidate reference genes was performed using the four algorithms: NormFinder, GeNorm, BestKeeper and the comparative
Delta Ct method. The diagram was created with BioRender.com. (b) Representative electron micrograph of uEVs. Scale bars, 500 and 100 nm. (c) Western
blotting analysis of EV-associated markers (Alix, CD63 and CD9) in uEVs. (d–f) The size of uEVs analyzed by NTA. NTA, nanoparticle tracking analysis.

pellets indicating that exosomes constitute the main fraction of EVs (Figure 1c). Nanoparticle tracking analysis (NTA) revealed
that Isolated particles fromHC, DM and DN had a mean diameter of 135.0± 65.6, 145.0± 86.1 and 145.0± 69.2 nm, respectively
(Figure 1d-f).

. The expression profile of long RNAs in uEVs

To compare the number of long RNAs detected in each group, long RNAs with TPM > 0.1 detected in more than 10% subjects
were counted. Increasing number of long RNAs was observed in DM and DN patients compared to healthy controls, the number
of mRNAs was about three times that of lncRNAs. Additionally, a total of 4124 lncRNAs and 15,373 mRNAs were overlapped in
all three groups, demonstrating that uEVs were rich in long RNAs and there was a significant increasing of long RNAs numbers
in DN and diabetes conditions (Figure 2a).

Next, we explored the core transcriptome of uEVs in healthy individuals compare toDMandDNpatients. Interestingly, among
the top 100 genes, 84 genes were overlapped, indicating the large proportion of core gene content in uEVs (Figure 2b). The 84
transcripts common to all groups were considered as the ‘core transcriptome’. Further, we observed more than 50% of the genes
showed high expression level of above 1000 TPM. Interestingly, among the ‘core transcriptome’, we noticed 39 genes belong to
ribosome protein family. The top 5 abundant transcript was ferritin light chain (FTL), followed by ferritin heavy chain (FTH1),
ribosomal protein L13a (RPL13A), eukaryotic translation elongation factor 1 alpha 1 (EEF1A1) and ribosomal protein L19 (RPL19)
(Figure 2c).
To understand the characteristic of top common transcripts, global gene ontology (GO) analysis was performed with the 84

core genes. The top 10 enriched GO categories in biological process, cellular component, and molecular function were shown in
Figure 2d. Interestingly, the enriched biological functions of the top common transcripts were related to translation, rRNA pro-
cessing, ribosomal large subunit assembly. Regarding the cellular component, those genes were related to cytosol and cytoplasm,
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F IGURE  Long RNA profile of uEVs. (a) The number of long RNAs expressed by healthy controls (n = 14), DM (n = 16) and DN (n = 10) group. Data
are presented as means ± SD.***p < 0.001. Kruskal-Wallis test was applied to compare the three groups. (b) Core transcriptome defined from top 100 genes as
show by Venn diagram. The diagram was created with BioRender.com. (c) The heatmap showed expression levels of the top 84 common genes expressed in
three groups. (d) The 10 most significantly enriched GO terms in the BP, CC and MF categories were presented. FDR < 0.05 was regarded as enriched GO
categories. GO, gene ontology; BP, biological process; CC, cellular component; MF, molecular function.

and 62% of the mRNAs were associated with the cellular component term ‘extracellular exosome’, and other major components
include nucleus, membrane and cytosolic ribosome. In terms of molecular function, we identified 10 enriched terms, such as
protein binding, RNA binding, structural constituent of ribosome, cadherin binding. Therefore, core transcriptome was present
in uEVs related to different part of cellular structures, among which the majority were related to ribosome and function as
translation, protein and RNA binding molecules.

. Identification of candidate reference genes by an unbiased analysis of long RNA-Seq dataset

To explore suitable reference genes in uEVs, 96 genes with abundant expression (TPM>500) in HC, DM and DN groups were
firstly selected, and 52 genes were then identified with no differential expression in the three groups. Subsequently, the expression
stability of them and classical reference gene GAPDH and β-actin were evaluated using NormFinder, GeNorm, BestKeeper and
the Delta Ct method.
The results of the NormFindermethod were similar as those of the Delta Ct algorithm. Ribosomal protein L11 (RPL11), riboso-

mal protein L18a (RPL18A), ribosomal protein SA (RPSA) and receptor for activatedC kinase 1 (RACK1)were identified as the top
stable genes, while GAPDH and β-actin weremore fluctuated (Figure 3a, b). BestKeeper andGeNorm algorithms yielded slightly
different results. Traditional reference genes were no longer the most variable, but they still laid close to the bottom of the ranks
(Figure 3c, d). The geometric mean (geomean) of each gene ranking across the four methods was eventually calculated, leading
to a comprehensive stability score. The reference genes with lowest value were considered as the most stable (Figure 3e). Under
this combinational analysis, RPL18A, RPL11, ribosomal protein L27 (RPL27), RACK1, RPSA, ribosomal protein L41 (RPL41),
H1.2 linker histone, cluster member (H1-2), ribosomal protein L4 (RPL4), GAPDH and ribosomal protein S27a (RPS27A) were
identified as the most stable genes, which were thereby chosen as the candidate reference genes in our validation study. Overall,
all candidate reference genes except RPS27A showed greater stability than classical reference genes. Moreover, the abundance of
candidates was comparable to the expression level of classical housekeeping genes (Figure 3f).
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F IGURE  The expression levels and stability of candidate reference genes identified by next-generation long RNA sequencing. Long RNA-Seq dataset
were analyzed through (a) NormFinder, (b) Delta Ct, (c) BestKeeper and (d) GeNormmethod. (e) The geomean of each gene weight was calculated to provide a
comprehensive rank of candidate reference genes. (f) The abundance (transcripts per million, TPM) of candidate reference genes and classical reference genes.

. Validation of candidate reference genes in uEVs

RT-qPCR was performed to validate the stability of reference candidates in another independent cohort of subjects. As a result,
RPL11, RPL41 and RPL27 showed the highest expression. However, we observed statistical differences in the expression levels
of RPL11, RPL27, RACK1 and RPL4 among different groups, which were not considered for further analysis (Figure 4a). The
detection rate of each gene was calculated, defined as the proportion of subjects whose expression was detectable by the RT-
qPCR. The detection rates of RPL41, RPSA and RPS27A were all 100%, while the other four genes varied 97%−99% (Figure 4b).
It was worth noting that the expression level and detection rate of RPL41, RPSA, RPS27A and RPL18A were better than those of
traditional reference genes.
Similarly, four algorithms (BestKeeper, GeNorm, NormFinder and the comparative Delta Ct method) were run to rank the

stability of the selected reference genes (Figure S1a-d). Reference gene analysis showed similar results by using the BestKeeper,
Delta Ct and GeNorm methods, which confirmed RPL41 as the most stable candidates followed by RPSA as shown in the com-
prehensive stability score. β-actin andGAPDH showed the worst performance compared to other candidates (Figure 4c). Finally,
considering the expression level, detection rate and stability, RPL41 emerged as the most suitable candidate, followed by RPSA
and RPL18A. Moreover, we treated urine EVs with proteinase K or RNase A to observe the changes of the expression of reference
gene. It turned out that no significant difference in the level of GAPDH, RPL41, RPSA and RPL18A among control, proteinase K
and RNase A treatment groups (Figure S1h). The results confirmed that non-vesicle RNAs were not included in the EVs samples.
Taken together, RPL41 was validated as reliable endogenous normalizer followed by RPSA and RPL18A through RT-qPCR data
from uEVs of HC, DM and DN.
To explore the application of RPL41, RPSA and RPL18A as reference genes in other conditions, we next attempted to validate

the selected reference genes in uEVs from common primary glomerular disease, IgAN and MN. RPSA and GAPDH display
differential expression between HC and IgAN. Interestingly, RPL18A, RPL41 and RPSA were identified as more stable genes
compared toGAPDH, indicating that theymight bemore suitable reference genes thanGAPDH(Figure 4d, Figure S1e).However,
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F IGURE  Experimental validation of candidate reference genes in uEVs. (a) Expression levels and (b) detection rate (Ct values) of candidate reference
genes in uEVs from HC (n = 37), DM (n = 35) and DN (n = 34) detected by RT-qPCR. (c) The weighted geomean of four algorithms was taken to provide a
comprehensive ranking of the most stable genes. (d) The expression level and comprehensive score for stability of candidate reference genes in uEVs from
IgAN (n = 16). (e) The expression level of candidate reference genes in uEVs fromMN (n = 16). (f) The expression level and comprehensive score for stability
of candidate reference genes in uEVs from PCA (n = 13). Gene expression data of uEVs from RCC were derived from GEO database
(http://www.ncbi.nlm.nih.gov/geo/). (g) The expression level and comprehensive score for stability of candidate reference genes in uEVs from RCC (n = 12,
GSE72922). Data are presented as means ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001. One-way ANOVA (a), Mann-Whitney test (d–g). HC, healthy controls;
DM, diabetes mellitus; DN, diabetic nephropathy; IgAN, IgA nephropathy; MN, membranous nephropathy; PCA, prostate cancer; RCC, renal cell carcinoma.

http://www.ncbi.nlm.nih.gov/geo/
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differences in the expression levels of the four genes except RPL41 were observed in uEVs of MN compared to HC, suggesting
that RPL41 were appropriate as endogenous controls (Figure 4e).
Due to the diagnostic potential of uEVs in urinary disorders, we next evaluate the application of candidate reference genes in

uEVs of prostate cancer (PCA) as detected by RT-PCR and renal cell carcinoma (RCC) using available gene expression array data
from GEO (http://www.ncbi.nlm.nih.gov/geo/). The expression levels of the three candidate genes were not different between
HC and PCA, whereas the down-regulation of GAPDH and β-actin was observed, indicating that RPL41, RPSA and RPL18A
were more stable than traditional reference genes. Moreover, the comprehensive rank order exhibited that RPL18A was the most
stable gene (Figure 4f, Figure S1f). For RCC, no difference in the expression of the five genes was found compared to HC, and,
traditional reference genes showed greater stability in uEVs of RCC (Figure 4g, Figure S1g).
To further validate whether the use of these three candidate genes as a combined internal reference could enhance stability, we

conducted additional validation of the combined internal reference within cohorts of IgAN, MN and PCA. The results indicated
that while no differences were observed in the geometric mean of the candidate reference genes in IgAN group compared to
controls, variances were exhibited in both the MN and PCA groups, suggesting that the use of combined candidate genes does
not necessarily provide extra stability across different disease cohorts.
Overall, the three candidate reference genes (RPL41, RPSA and RPL18A) outperform traditional reference genes for IgAN and

PCA, while theymight not be as stable as the traditional reference genes in other diseases such asMN and RCC. This observation
revealed that the expression stability of reference genes was dependent on disease condition.

. The stability of the candidate reference genes in renal tissues and plasma EVs

To get insight into the expression of these candidate reference genes in the tissue, the gene expression data fromGene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) database was analysed. There was no difference in the expression of the five
genes in renal tissues between HC and DN. It was noteworthy that RPL41 and PRL18A were stable than traditional reference
genes (Figure 5a, Figure S2a). In IgAN conditions, RPL41 again showed the highest expression level and stability in renal tissues
(Figure 5b, Figure S2b). No difference was found for renal traditional reference genes between HC and MN, whereas RPL41 was
upregulated, indicating that traditional reference genes were more suitable as reference genes for renal tissues in MN which was
consistent with the findings in uEVs (Figure 5c). Similarly, differences in the expression of RPL41, RPL18A and β-actinwere found
in renal tissues of RCC, while GAPDH was identified as the most stable reference gene (Figure 5d, Figure S2c). Put together, the
stability of reference genes in renal tissues was in line with that of uEVs in corresponding diseases. The expression stability of
RPL41 in renal tissue of patients with DN and IgAN was higher than that of traditional reference genes, further proving the
superiority of RPL41 as reference genes.
Next, we analysed the potential reference genes in 857 plasma EV samples from healthy individuals and patients with 13 types

of cancers using long RNA-seq data in the exoRBase database (http://www.exorbase.org). Compared with HC, the abundance
of RPL41 showed no noticeable difference in patients with benign, colorectal cancer (CRC), malignant lymphoma (ML), gastric
cancer (GC) and esophageal squamous cell carcinoma (ESCC) compared to controls. By contrast, RPL41 resulted as differential
expression in the remaining 8 cancers (breast cancer (BRCA), hepatocellular carcinoma (HCC), kidney cancer (KIRC), pan-
creatic adenocarcinoma (PAAD), glioblastoma multiforme (GBM), melanoma (MEL), ovarian cancer (OV) and small cell lung
cancer (SCLC)) compared with HC (Figure 5e). Similarly, there were differences in the expression of RPSA and RPL18A in 10
different cancers compared to controls (Figure 5e). Notably, β-actin and GAPDH also showed differential expression in a series
of cancers (Figure 5f). Subsequently, the stability of genes that were not differentially expressed between healthy people and can-
cer patients was evaluated using the four algorithm methods. According to comprehensive ranking, RPL41 resulted as the most
stable expressed gene in benign, CRC, ML, GC and ESCC. On the other hand, GAPDH had the best stability in plasma EVs of
three tumours including BRCA, HCC and KIRC, while β-actin showed best stability in plasma EVs of PAAD and OV (Figure 5g,
Figure S2d, e). In conclusion, RPL41 might also be a suitable reference gene for plasma EVs in some cancers.

 DISCUSSION

Over the last decade, uEVs have been considered as a snapshot of the pathophysiological state of cells lining the nephron and the
urinary tract, and therefore represent a promising source of biomarkers (Blijdorp et al., 2022; Merchant et al., 2017). Moreover,
uEVs are also emerged as potential biomarkers for neurological diseases (Wang et al., 2019), cardiovascular disease (Agudiez
et al., 2020), lung cancer (Zhang et al., 2018) and non-alcoholic steatohepatitis (Zhu et al., 2022). Nucleic acids incorporated
in uEVs play a role in cell-to-cell signalling through delivering genetic information in pathophysiological settings (Svenningsen
et al., 2020). Understanding the composition of RNAmolecules derived from uEVs is critical in understanding their role in inter-
cellular communication and utility as non-invasive biomarkers. In recent years, despite the progress in the research of EV RNA

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.exorbase.org
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F IGURE  The stability of the candidate reference genes in renal tissues and plasma EVs. Gene expression data of renal tissues were derived from GEO
database (http://www.ncbi.nlm.nih.gov/geo/). (a) The expression level and comprehensive score for stability of candidate reference genes in renal tissues of DN
(n = 18, GSE162830). (b) The expression level and comprehensive score for stability of candidate reference genes in renal tissues of IgAN (n = 31, GSE35489).
(c) The expression level of candidate reference genes in renal tissues of MN (n = 51, GSE200828). (d) The expression level and comprehensive score for stability
of candidate reference genes in renal tissues of RCC (n = 12, GSE76351). The RNA-seq data of plasma EVs were derived from exoRBase database
(http://www.exorbase.org). (e, f) Expression levels of candidate genes in plasma EVs of 13 cancers (n = 739) compared with healthy control (n = 118),
respectively (http://www.exorbase.org). (g) The comprehensive score for stability of candidate reference genes in plasma EVs of benign, CRC, ML, GC, HCC
and KIRC. Data are presented as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Mann-Whitney test. HC, healthy controls; CRC, colorectal
cancer; ML, malignant lymphoma; GC, gastric cancer; ESCC, esophageal squamous cell carcinoma; BRCA, breast cancer; HCC, hepatocellular carcinoma;
KIRC, kidney cancer; PAAD, pancreatic adenocarcinoma; GBM, glioblastoma multiforme; MEL, melanoma; OV, ovarian cancer; SCLC, small cell lung cancer.

http://www.ncbi.nlm.nih.gov/geo/
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biomarkers (Lv et al., 2014), the transcriptome characteristics of human uEVs and proper reference genes relative quantification
are largely unclear.
In this study, high-throughput RNA sequencing was performed to provide an in-depth characterization of long RNAs in uEVs

from healthy people, DM and DN. The abundant long RNAs were detected in uEVs which further supported the informatic
nucleic acids content in uEVs (Miranda et al., 2010). Interestingly, we defined the core transcriptome constitute of 84 common
genes among the top 100 genes in the three groups which function mainly as translation, protein and RNA binding molecules.
Miranda et al. found ribosomal complex constituted 76% of the 50 most highly expressed genes in uEVs from a healthy male
subject (Miranda et al., 2014). In this study, we found that in the core transcriptome, 39 out of 84 core transcripts were related
to ribosomal protein, and the top 5 genes were FTL, FTH1, RPL13A, EEF1A1 and RPL19. Ribosomal protein genes are abundant
genes in most cell types and are related to ribosome synthesis, which are involved in cell growth and proliferation (Petibon et al.,
2021). FTL and FTH1 mRNA encoded protein structure of ferritin, which is the major intracellular protein that stores iron and
the protein is also found extracellularly in EVs, indicating its close relation with EVs in its biological process (Lawson et al., 1991;
Truman-Rosentsvit et al., 2018).
To explore the pathophysiological role of RNAs in uEVs, accurate quantification is a crucial analytic factor. In this study, we

identified ribosomal protein genes, RPL41, RPSA and RPL18A as potential new reference genes. Unlike previous study which
identified suitable reference genes from target candidates commonly used in the literature (Ragni et al., 2019), unsupervised and
sequencing data-drivenmethodwere used in this study, preventing the bias frommanual selection. Interestingly, the 10 candidate
reference genes identified in this study were from the core transcriptome in uEVs, and seven of them belong to the ribosomal
protein gene family. Previous study showed that ribosomal protein genes RPL41, RPL13A andRPS27 exhibited expression stability
across organ or tissue types and thus were identified as reference genes forDN (Cheng et al., 2011). Besides, RPL13Awas identified
as optimal reference gene for mRNA quantification studies in the uEVs of patients with renal graft dysfunction (Singh et al.,
2022). Importantly, we identified that the candidate reference genes displayed greater stability compared to traditional reference
genes. Previous studies have indicated that traditional reference genes were differentially expressed under certain experimental
conditions (Chen et al., 2017; Molina et al., 2018). For example, β-actin expression was not stable in heart tissue from patients
with cardiac diseases (Molina et al., 2018).
Then, we found that those reference genes were also applicable to uEVs from other primary glomerular and urinary disorders,

such as IgAN and PCA. Impressively, we confirmed that RPL41, RPSA, RPL18A were stable in renal tissues of DN and IgAN.
It suggested the stable expression in the originated tissue and their consistently loading into EVs. However, these candidate
reference genes were differentially expressed in uEVs derived from MN and RCC as well as the renal tissues, suggesting that
reference genes were disease-specific and the applicable disease types need to be verified. In a recent study, 986 publicly available
human gene expression data were analysed, they found that the reference gene was differentially expressed in 42% of these
studies, indicating that the expression of reference genes was dependent upon experimental environment (Hampton et al., 2020).
However, there are still some limitations with the new reference genes. First of all, the candidate reference genes were identified
from a relatively small cohort of patients withDMandDN,whichmay have limitation in the applicable scope of diseases. Besides,
the candidate reference genes may need validation in larger cohort of patients. Combined reference genes might be considered
in the utility at different conditions of diseases with experimental validation.
In conclusion, our study revealed that long RNAs were enriched in uEVs and the core transcriptome was related to cellu-

lar structures, especially ribosome which function mainly as translation, protein and RNA binding molecules. RPL41, RPSA,
RPL18A may provide new reference genes for multiple kidney diseases and urinary malignance’s in a disease specific manner.
It is noteworthy that the three reference genes may also be suitable for renal tissues and plasma EVs. Appropriate reference
genes will enhance the robustness of the relative quantification of gene expression studies in uEVs. Our findings may facilitate
development of uEVs biomarkers and increase the accuracy and comparability of biomarker studies.
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