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Immunoglobulin A nephropathy (IgAN)   is the most common type of primary glomerulonephritis.  It is very 
important to find new noninvasive biomarkers for the diagnosis and treatment of IgAN.  The purpose of this 
study was to explore the clinical value of urinary exosomal miRNAs in IgAN.  In this study, urinary 
exosomes were isolated from 29 IgAN patients and 29 healthy controls.  The miRNA was analyzed by high-
throughput sequencing.  The expression of hsa-miR-451a and hsa-let-7d-3p was examined by real-time 
quantitative polymerase chain reaction (RT-qPCR).  The diagnostic value of miRNAs was evaluated using 
receiver operating characteristic (ROC)  curves.  Here, hsa-miR-451a and hsa-let-7d-3p were upregulated 
in IgAN patients compared with healthy controls.  We evaluated the diagnostic value of hsa-miR-451a and 
hsa-let-7d-3p using ROC curves; hsa-miR-451a (AUC = 0.805, p = 0.001), hsa-mir-7d-3p (AUC = 0.76, p = 
0.0049), and the combination of hsa-miR-451a and hsa-let-7d-3p (AUC = 0.8125, p = 0.0007).  Hsa-miR-
451a has correlations with Lee’s grades (r = 0.511, p = 0.021), and 24-h urinary protein excretion (UPE; r = 
0.557, p = 0.011).  Hsa-let-7d-3p showed correlations with Lee’s grades (r = 0.6, p = 0.005), UPE (r = 
0.518, p = 0.019), serum creatinine (r = 0.564, p = 0.01), and estimated glomerular filtration rate (r = 
−0.532, p = 0.016).  According to the Oxford classification, for hsa-miR-451a, S0 had lower levels than S1 
(p = 0.016); for hsa-mir-7d-3p, M0 had lower levels than M1 (p = 0.05).  These findings suggest that 
hsa-miR-451a and hsa-let-7d-3p may serve as noninvasive biomarkers for the evaluation of IgAN.
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Introduction
Immunoglobulin A nephropathy (IgAN)  is the most 

common form of chronic glomerulonephritis in the world.  
IgAN is an important cause of end-stage renal disease 
(ESRD)  (Berthoux et al. 2008).  The gold standard for 
diagnosis of IgA nephropathy is renal biopsy (Moresco et 
al. 2015).  Although recent advances made in medical 
devices have improved the safety of renal biopsy, the proce-
dure is invasive, and cannot be repeated frequently.  
Therefore, it is extremely important to find a potential non-
invasive biomarker for the early evaluation of IgAN.

Urine has the advantages of large available quantity, 
noninvasive collection, and simple handling.  Therefore, 

urine is an ideal source of biomarkers for the diagnosis of 
kidney disease (Wang and Szeto 2007).  Exosomes, small 
membrane-bound lipid vesicles with a diameter of 30-200 
nm, are present in urine (Pisitkun et al. 2004; Shao et al. 
2018).  The exosome membrane surface expresses CD9 and 
CD63 (Vlassov et al. 2012), and exosomes contain mRNA 
and miRNA (Valadi et al. 2007).  MiRNAs are a class of 
endogenous noncoding RNAs about 22 nucleotides in 
length, which play a role in post-transcriptional regulation 
by binding to mRNA (Bartel 2004; Farh et al. 2005; Esteller 
2011).  Urinary exosomes may originate from renal proxi-
mal tubular epithelial cells (Khurana et al. 2017).  
Exosomes can protect encapsulated small RNAs and pre-
vent small RNAs from being degraded by enzymes (Cheng 
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et al. 2014; Ohno and Kuroda 2016).
MiRNA plays an important role in the progression of 

nephropathy, and thus is a promising biomarker in kidney 
disease (Lorenzen et al. 2011; Chandrasekaran et al. 2012).  
Several studies have suggested that exosomal miRNAs may 
be potential biomarkers for kidney disease, such as sys-
temic lupus erythematosus, diabetic nephropathy and so on 
(Barutta et al. 2013; Perez-Hernandez et al. 2015; Xie et al. 
2017; Chen et al. 2019; Li et al. 2020; Tsuji et al. 2020).  
Therefore, exosomal miRNA may serve as a noninvasive 
biomarker in nephropathy.

In this study, we assessed the differential expression of 
urinary exosome miRNAs in patients with IgAN compared 
to healthy control (HC)  and validated whether urinary exo-
some miRNA can be used as a biomarker for the evaluation 
of IgAN.

Methods
Study design

We designed the screening and validation phases of 
this study.  In the screening phase, we collected urine sam-
ples from 9 IgAN patients and 9 HCs for high-throughput 
sequencing to identify differentially expressed miRNAs.  In 
the validation phase, we collected urine samples from 20 
IgAN patients and 20 HC subjects for real-time quantitative 
polymerase chain reaction (RT-qPCR)  to validate candidate 
miRNAs.

Subjects
We recruited 29 patients with IgAN, who had a con-

firmed first renal biopsy between December 2019 and 
December 2020 from the Department of Nephrology at the 
Shanxi Provincial People’s Hospital.  We excluded patients 
with secondary IgA nephropathy and other concomitant 
renal diseases.  We simultaneously recruited 29 volunteers 
who were confirmed to be normal by the Laboratory 
Department of Shanxi Provincial People’s Hospital.  Basic 
information about the subjects was collected, such as age, 
sex, serum creatinine (Scr), estimated glomerular filtration 
rate (eGFR)  and 24-h urinary protein excretion (UPE), at 
the time of kidney biopsy.  All subjects signed informed 
consent and were approved by the Ethics Committee of 
Shanxi Provincial People’s Hospital.

Sample collection and processing
Selected IgAN patients and HC subjects who met 

inclusion criteria collected morning urine before treatment.  
Urine samples were centrifuged at 3,000 × g for 15 min 
within 2 h after collection.  The precipitate was discarded, 
and the supernatant was collected in new sterile centrifuge 
tube and stored at −80℃ for later use.

Urinary exosome isolation
Using high-throughput sequencing technology, exo-

somes were extracted from 3 pooled IgAN urine samples 
and 3 pooled urine samples of HC.  The pooled samples 

were collected from 3 individuals with 20 mL urine each.  
For RT-qPCR, a 20 mL urine sample was collected from 
each person.  Exosomes were extracted according to the 
urine exosome extraction kit instructions (Beijing BioRab 
Technology Co.  Ltd, Beijing, China).  Urine samples were 
centrifuged at 3,000 × g for 15 min at 4℃, discarding pre-
cipitate and leaving supernatant.  The supernatant was 
poured into a clean centrifuge tube, and the urine sample 
was centrifuged at 10,000 × g for 20 minutes at 4℃, dis-
carding precipitate and leaving supernatant.  The superna-
tant was then poured into a clean centrifuge tube, and 1 mL 
of extract was added for every 4 mL of urine and mixed 
well for 1 min until the liquid was well mixed.  After the 
overnight storage in a 4℃ refrigerator, the urine sample 
was centrifuged at 10,000 × g for 60 min at 4℃, discarding 
the supernatant and leaving the precipitate.  The precipitate 
was resuspended in 80 μl exosome preservation solution, 
and the exosome sample was obtained.

Scanning electron microscopy (SEM)
The exosomes were isolated with a urine exosome 

extraction kit and resuspended in phosphate-buffered saline.  
The exosomes were applied to a 200 mesh copper grid for 
20 min, and the residual liquid at the edge of the copper 
mesh was absorbed using filter paper.  Next, 2% phospho-
tungstic acid solution (HT152-250ML, Sigma, Darmstadt, 
Germany)  was added for 10 min, and the copper grids were 
dried under incandescent lighting for 2 min.  Photomicrographs 
were obtained using a transmission electron microscope.

Western blot
The exosomes were isolated with a urine exosome 

extraction kit, and the extracted protein was separated using 
10% sodium dodecyl sulfate poly-acrylamide gel electro-
phoresis (SDS-PAGE)  (Solarbio, Beijing, China).  The 
protein transferred to polyvinylidene difluoride (PVDF)   
membranes, and the membranes were incubated with 5% 
nonfat milk for 1 h at room temperature.  Then, the mem-
brane was incubated with primary antibody (CD9, 1:1,000; 
CD63, 1:1,000)  overnight at 4°C.  Next, the membrane was 
washed with 1 × Tris-buffered saline (TBST)  3 times, for 
10 min each, and then incubated with secondary antibodies 
(1:10,000)  for 1 h.  After washing with 1 × TBST 3 times, 
proteins of interest were detected using a gel imaging sys-
tem.

RNA extraction
Exosomal RNA was isolated using an miRcute miRNA 

Isolation Kit (Tiangen Biotech, Beijing, China)  following 
the manufacturer’s instructions.  The concentration (ng/ml)   
and purity (A260/A280)  of the RNAs were measured using 
a NanoDrop 2000 spectrophotometer (ThermoFisher 
Scientific, Waltham, MA, USA).

High-throughput sequencing
In this experiment, the single-ended 50 bp sequencing 
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mode of the illumina Hiseq sequencing platform was used 
for high-throughput sequencing of samples.  The original 
data need to be removed by primers and adaptor sequences, 
and the sequencing fragments should be qualitatively 
checked and finally the length screened to finally select the 
sequencing fragments with reliability.  Reads from each 
sample were compared with the existing miRNA database 
(miRBase)  and the predicted results of new miRNAs to 
calculate the miRNA expression level.  DESEQ software 
(Bioconductor, Seattle, WA, USA)  was used to analyze the 
differential expression between the sample group control 
and the sample group case.  The expression level of each 
sample and the intra-group mean were calculated, and the 
inter-group difference fold change was calculated, and then 
log2 (fold change)  was calculated.  When p was < 0.05 and 
log2 (fold change)  was > 1, we believed that such genes 
were significantly different between groups.  We performed 
high-throughput sequencing (Jingneng Biotechnology, 
Shanghai, China).

RT- qPCR analysis
RT-qPCR was performed according to Minimum 

Information for Publication of Quantitative Real-Time PCR 
Experiments (MIQE)  guidelines to confirm hsa-miR-451a 
and hsa-let-7d-3p (Bustin et al. 2009).  RT-qPCR was per-
formed using a miRcute plus miRNA First-Strand cDNA 
Synthesis Kit (Tiangen Biotech)  according to manufactur-
er’s instructions.  RT-qPCR was performed on an RT-PCR 
instrument using an miRcute plus miRNA qPCR Detection 
Kit (Tiangen Biotech)  according to the manufacturer’s pro-
tocol.  Relative miRNA expression was calculated follow-
ing the delta-delta Ct method.

Bioinformatic analysis
We predicted target genes using the online algorithm: 

miRDB (http://www.mirdb.org/), miRTaBase (http://mirtar-
base.cuhk.edu.cn/), and targetScan (http://www.targetscan.
org)  (Lewis et al. 2005).  The network of miRNAs and tar-
get genes was constructed using Cytoscape software   
(https://www.cytoscape.org/).  In order to understand the 
function of hsa-miR-451a and hsa-let-7d-3p, we performed 

gene ontology (GO)  analysis using a DAVID online analy-
sis tool (https://david.ncifcrf.gov)  (Huang et al. 2009).

Statistical analysis
Statistical analysis was performed using SPSS® ver-

sion 22.0 software (IBM®, Armonk, New York, NY, USA), 
GraphPad Prism® 8 (GraphPad Software, Inc., San Diego, 
CA, USA), and Cytoscape software for graphing.  The data 
are presented as mean ± standard deviation (SD).  
Nonparametric Mann-Whitney test for 2 independent sam-
ples was performed to identify the differences in exosomal 
miRNA expression between the IgAN and HCs groups.  
The joint predictors were obtained by logistic regression 
analysis.  Receiver operating characteristic (ROC)  curve 
was utilized to evaluate the diagnostic value of urinary exo-
somal miRNAs.  We used Spearman’s rank correlation 
analysis to assess correlations between exosomal miRNAs 
and clinical parameters.  P < 0.05 was considered statisti-
cally significant.

Results
Clinical characteristics of the subjects

Twenty-nine IgAN patients and 29 HC subjects partic-
ipated in this study.  Demographic and clinical characteris-
tics of the subjects were recorded (Table 1).  UPE (g/24 h)  
and Scr of IgAN patients were significantly higher than the 
HC group.  Also, IgAN patients had significantly lower lev-
els of eGFR than the HC group.

Characterization of urine exosomes
Exosomes were isolated with a urine exosome extrac-

tion kit and observed on transmission electron microscopy 
(Fig. 1).  We performed western blot analysis to confirm the 
presence of exosomal markers CD9 and CD63.  (Fig. 2).

Differentially expressed urine exosomal miRNA profiles
High-throughput sequencing was performed to analyze 

the urine exosomal miRNA expression profiles in IgAN 
patients and HC subjects (Table 2, Figs. 3, 4).  We identi-
fied 9 differentially expressed miRNAs [p < 0.05, log2 (fold 
change)  > 10].  Seven miRNAs were upregulated in the 

Table 1.   Demographic and clinical characteristics of IgA nephropathy (IgAN)  and healthy controls (HCs)  
in the screening cohort and validation cohort.

Screening cohorts Validation cohorts

IgAN HC IgAN HC
Case 9 9 20 20
Sex (M:F) 3:6 4:5 12:8 16:4
Ages  35.56 ± 14.93  44.44 ± 10.86 37.65 ± 12.01 　45.5 ± 14.17
UPE (g/24h)  2.14 ± 1.16 0 1.54 ± 1.14 0
Scr (µmol/l) 113.22 ± 35.11  69.63 ± 10.93 84.16 ± 23.69  74.30 ± 13.35
eGFR  80.83 ± 20.44 103.97 ± 5.98 97.941 ± 38.89 101.9 ± 7.31

Data are shown as number or mean ± SD.
M, male; F, female; UPE, 24-hour urinary protein excretion; Scr, serum creatinine; eGFR, estimated 
glomerular filtration rate.
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IgAN group compared with the HC group.

Validation of urine exosomal miRNAs by RT-qPCR
We performed RT-qPCR to confirm the results of the 

high-throughput sequencing technology.  RT-qPCR results 
showed that hsa-miR-451a and hsa-let-7d-3p were signifi-
cantly upregulated in the IgAN group compared with the 
HC group (Fig. 5), which was consistent with the high-
throughput sequencing results.

Diagnostic value of exosomal hsa-miR-451a and hsa-let-
7d-3p in IgAN patients

We performed ROC curve analysis to evaluate the 
diagnostic value of urine exosomal miRNAs in IgAN.  The 
AUC and p values of the miRNAs were as follows: AUC = 
0.805, p = 0.001 for hsa-miR-451a; AUC = 0.76, p = 
0.0049 for hsa-mir-7d-3p; AUC = 0.8125, p = 0.0007 for 
hsa-miR-451a and hsa-let-7d-3p combined (Fig. 6).  These 

results suggested that hsa-miR-451a and hsa-let-7d-3p may 
be new biomarkers for diagnosis of IgAN, while the combi-
nation of hsa-miR-451a and hsa-let-7d-3p has higher diag-
nostic value.

Correlation between urinary exosomal miRNAs and clinical 
parameters

We analyzed the correlations between urinary exo-
somal miRNAs and clinical parameters (Table 3).  Hsa-
miR-451a expression showed positive correlations with 
Lee’s grades (r = 0.511, p = 0.021), UPE (r = 0.557, p = 

Fig. 1.  The shape and structure of urinary exosomes under 
transmission electron microscopy.  Bars = 200 nm.  Mag-
nification = 150,000×.

Fig. 3.  Heat maps of miRNA expression profile. 
Heat map colors represent exosomal miRNA expression: 
red represents low expression, and green represents high 
expression.  IgAN, IgA nephropathy; HC, healthy con-
trol.

Fig. 4.  Volcano Plot of miRNA expression profile.
Heat map colors represent exosomal miRNA expression: 
red represents p value ≤ 0.05 and log2 (fold change)  ≥ 1, 
and black represents p value > 0.05.

Fig. 2.  Western blot analysis for exosomes markers, CD9 and 
CD63.
IgAN, IgA nephropathy; HC, healthy control.

Table 2.  Differential expression profiles of exosomal 
miRNA profiles in the IgA nephropathy group 
and the healthy controls group.

miRNA Log2 (fold change) P value

hsa-miR-204-5p 14.6203172 0.000272
hsa-miR-363-3p 13.9529323 0.024741
hsa-miR-429 13.3180767 0.00893
hsa-let-7d-3p 13.2935004 0.01341
hsa-miR-122-5p 12.6743909 0.04187
hsa-miR-1273g-3p 10.1428729 0.016472
hsa-miR-451a 12.3127695 0.008472
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Fig. 5.  Comparison of relative expression levels of hsa-mir-451a and hsa-let-7d-3p between IgA nephropathy (IgAN)  group 
and healthy control (HC)  group.
Whisker-Box plots show the expression of hsa-mir-451a (A)  and hsa-let-7d-3p (B)  in the IgAN and HC groups.  Ex-
pression levels were measured by RT-qPCR.  Statistical analysis using Mann-Whitney U test showed that hsa-miR-451a 
and hsa-let-7D-3p were significantly upregulated in IgAN group compared with HC group.

Fig. 6.  Receiver Operating Characteristic (ROC)  curve to analyze the sensitivity and specificity of hsa-mir-451a and hsa-let-
7d-3p for distinguishing IgA nephropathy (IgAN). 
Hsa-mir-451a (Area under the curve; AUC = 0.805, p = 0.001), hsa-mir-7d-3p (AUC = 0.76, p = 0.0049), and the com-
bination of hsa-mir-451a and hsa-let-7d-3p (AUC = 0.8125, p = 0.0007).

Table 3.   Correlations between hsa-mir-451a/hsa-let-7d-3p and clinical parameters in IgA 
nephropathy.

hsa-mir-451a hsa-mir-7d-3p

r 95% CI p value r 95% CI p value

Age  0.121 −0.437～0.597 0.611 −0.06  −3.332～0.568 0.803

UPE  0.557 −0.163～0.783 0.011  0.518 　0.074～0.799 0.019

Scr  0.358 −0.139～0.788 0.121  0.564 　0.130～0.852 0.01

eGFR −0.358 −0.774～−0.054 0.082 −0.532  −0.844～−0.067 0.016

Lee’s grades  0.511  0.086～0.817 0.021  0.6 　0.199～0.830 0.005

r, Spearman correlation coefficient; 95% CI, 95% confidence interval; UPE, 24-hour urinary 
protein excretion; Scr, serum creatinine; eGFR, estimated glomerular filtration rate.



S. Li et al.220

0.011), and Scr (r = 0.358, p = 0.121), and was negatively 
correlated with eGFR (r = −0.358, p = 0.082).  Hsa-let-
7d-3p expression showed positive correlations with Lee’s 
grades (r = 0.6, p = 0.005), UPE (r = 0.518, p = 0.019), and 
Scr (r = 0.564, p = 0.01), and was negatively correlated 
with eGFR (r = −0.532, p = 0.016).  Relationship between 
hsa-miR-451a and hsa-mir-7d-3p levels and pathological 
parameters in IgAN was classified according to the Oxford 
classification (Fig. 7).  The whisker-box plots depict the rel-
ative expression level of hsa-miR-451a and hsa-mir-7d-3p.  
For hsa-miR-451a, S0 had significantly lower levels than 
S1 (S0 vs. S1, p = 0.016).  For hsa-mir-7d-3p, M0 had sig-
nificantly lower levels than M1 (M0 vs. M1, p = 0.05).

Target genes predicted for hsa-miR-451a and hsa-let-7d-3p
For hsa-miR-451a, there were 29, 40, and 22 target 

genes predicted by TargetScan, miRDB, and miRTaBase.  
For hsa-let-7d-3p, there were 490, 44, and 23 target genes 
predicted by TargetScan, miRDB, and miRTaBase.  Target 
genes predicted by 2 algorithms were selected (Fig. 8A, B).  
We predicted 16 targets genes for hsa-miR-451a and 43 tar-
get genes for hsa-let-7d-3p (Fig. 8C, D).

GO functional enrichment analysis of hsa-miR-451a and 
hsa-let-7d-3p

In order to understand the function of hsa-miR-451a 
and hsa-let-7d-3p, we performed GO functional enrichment 
analysis using the DAVID analysis tool.  GO functional 
enrichment analysis includes cellular component (CC), 
molecular function (MF), and biological process (BP)  (Fig. 
9).  The most significantly enriched GO terms were regula-
tion of mRNA stability (BP), extracellular exosome (CC), 
and transferase activity (MF).

Discussion
IgAN is a common primary glomerular disease in 

China, and the search for novel biomarkers is crucial for its 
diagnosis.  Recent studies have shown that urinary exo-
somal circRNAs as new noninvasive biomarkers of IgAN, 
suggesting the potential roles of urinary exosomal cir-
cRNAs and miRNAs in the development of IgAN (Gao et 
al. 2020).  In kidney disease, miRNA is present in urinary 
exosomes, and miRNA are potential biomarkers in kidney 
disease (Lv et al. 2013).

In the present study, exosomes were successfully 
extracted.  Through high-throughput sequencing and 
RT-qPCR, it was found that the expression levels of hsa-
miR-451a and hsa-let-7d-3p in IgAN patients were signifi-
cantly higher than those in the HC group.  Exosomes hsa-
miR-451a and hsa-let-7d-3p exhibited high AUCs for an 
IgAN diagnosis.  The combination of hsa-miR-451a and 
hsa-let-7d-3p had higher AUCS.  Hsa-miR-451a and hsa-
let-7d-3p were significantly related to eGFR, Lee’s grades, 
UPE, and Scr.  According to Oxford classification, for hsa-
mir-451a, S0 had significantly lower levels than S1 (S0 vs. 
S1, p = 0.016); for hsa-mir-7d-3p, M0 had significantly 
lower levels than M1 (M0 vs. M1, p = 0.05).  Therefore, 
our study suggested that the exosomes hsa-miR-451a and 
hsa-let-7d-3p had clinical diagnostic value in the diagnosis 
of IgAN, while the combination of hsa-mir-451a and hsa-
let-7d-3p had a higher diagnostic value.

Hsa-mir-451a and hsa-let-7d-3p play important roles 
in renal diseases.  Hsa-miR-451a may be a promising bio-
marker of adrenal myelolipoma (Decmann et al. 2018).  
Ding et al. (2016)  reported the miRNA expression profiles 
of HC subjects and patients with type 2 diabetes who were 
screened based on microarray.  MiRNAs were validated by 
RT-qPCR.  The study found that hsa-miR-451a has differ-
ential expressions in patients with type 2 diabetes mellitus 
compared with HC subjects, and that hsa-miR-451a dysreg-

Fig. 7.  Relationship between hsa-mir-451a/hsa-let-7d-3p lev-
els and pathological parameters in IgA nephropathy ac-
cording to Oxford classification.
The whisker-box plots depict the relative expression level 
of hsa-mir-451a and hsa-let-7d-3p.  Data were analyzed 
by Mann-Whitney U test.  For hsa-mir-451a, M0 vs. M1, 
p = 0.106; E0 vs. E1, p = 0.425; S0 vs. S1, p = 0.016; C0 
vs. C1, p = 0.239.  For hsa-let-7d-3p, M0 vs. M1, p = 
0.05; E0 vs. E1, p = 0.053; S0 vs. S1, p = 0.15; C0 vs. 
C1, p = 0.064.
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ulation may be related to the pathogenesis of diabetic 
nephropathy (Ding et al. 2016).  MiR-451 inhibits neutro-
phil chemotaxis through p38 MAPK and is an important 
target for the treatment of autoimmune arthritis (Murata et 
al. 2014).  MiR-451 affects CD4+ T-cell function (Morandi 
and Pistoia 2013).  In CD4 T lymphocytes, hsa-let-7d-3p 
was significantly differentially expressed (Wang-Renault et 
al. 2018).

In the next experiment, first, the sample size should be 
further expanded.  Second, further investigation is needed 
to clarify whether hsa-mir-451a and hsa-let-7d-3p have the 

relationship with clinical and pathological severity in other 
kidney diseases.  Third, the pathogenesis of this disease 
needs to be further studied.

In conclusion, we analyzed the expression of urinary 
exosome miRNA in patients with IgAN and HC subjects.  
Exosomes hsa-miR-451a and hsa-let-7d-3p in IgAN were 
significantly higher than those in the HC, and the levels of 
both hsa-miR-451a and hsa-let-7d-3p were correlated with 
disease severity.  Exosome hsa-miR-451a and hsa-let-7d-3p 
may be noninvasive biomarkers for the evaluation of IgAN.

Fig. 8.  Target genes predicted of the hsa-mir-451a and hsa-let-7d-3p.
Hsa-mir-451a and hsa-let-7d-3p target genes predicted by Targetscan, miRDB and miRTaBase (A and B).  The network 
of target genes and hsa-mir-451a and hsa-let-7d-3p by Cytoscape software (C and D).



S. Li et al.222

Conflict of Interest
The authors declare no conflict of interest.

References
Bartel, D.P. (2004)  MicroRNAs: genomics, biogenesis, mecha-

nism, and function.  Cell, 116, 281-297.
Barutta, F., Tricarico, M., Corbelli, A., Annaratone, L., Pinach, S., 

Grimaldi, S., Bruno, G., Cimino, D., Taverna, D., Deregibus, 
M.C., Rastaldi, M.P., Perin, P.C. & Gruden, G. (2013)  Urinary 
exosomal microRNAs in incipient diabetic nephropathy.  
PLoS One, 8, e73798.

Berthoux, F.C., Mohey, H. & Afiani, A. (2008)  Natural history of 
primary IgA nephropathy.  Semin. Nephrol., 28, 4-9.

Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., 
Kubista, M., Mueller, R., Nolan, T., Pfaffl, M.W., Shipley, 
G.L., Vandesompele, J. & Wittwer, C.T. (2009)  The MIQE 
guidelines: minimum information for publication of quantita-
tive real-time PCR experiments.  Clin. Chem., 55, 611-622.

Chandrasekaran, K., Karolina, D.S., Sepramaniam, S., Armugam, 
A., Wintour, E.M., Bertram, J.F. & Jeyaseelan, K. (2012)  Role 
of microRNAs in kidney homeostasis and disease.  Kidney 
Int., 81, 617-627.

Chen, T., Wang, C., Yu, H., Ding, M., Zhang, C., Lu, X., Zhang, 
C.Y. & Zhang, C. (2019)  Increased urinary exosomal 
microRNAs in children with idiopathic nephrotic syndrome.  
EBioMedicine, 39, 552-561.

Cheng, L., Sun, X., Scicluna, B.J., Coleman, B.M. & Hill, A.F. 
(2014)  Characterization and deep sequencing analysis of 
exosomal and non-exosomal miRNA in human urine.  Kidney 
Int., 86, 433-444.

Decmann, A., Perge, P., Nyiro, G., Darvasi, O., Liko, I., Borka, K., 
Micsik, T., Toth, Z., Bancos, I., Pezzani, R., Iacobone, M., 
Patocs, A. & Igaz, P. (2018)  MicroRNA expression profiling 

in adrenal myelolipoma.  J. Clin. Endocrinol. Metab., 103, 
3522-3530.

Ding, L., Ai, D., Wu, R., Zhang, T., Jing, L., Lu, J. & Zhong, L. 
(2016)  Identification of the differential expression of serum 
microRNA in type 2 diabetes.  Biosci. Biotechnol. Biochem., 
80, 461-465.

Esteller, M. (2011)  Non-coding RNAs in human disease.  Nat. 
Rev. Genet., 12, 861-874.

Farh, K.K., Grimson, A., Jan, C., Lewis, B.P., Johnston, W.K., 
Lim, L.P., Burge, C.B. & Bartel, D.P. (2005)  The widespread 
impact of mammalian MicroRNAs on mRNA repression and 
evolution.  Science, 310, 1817-1821.

Gao, L., Zhong, X., Jin, J., Li, J. & Meng, X.M. (2020)  Potential 
targeted therapy and diagnosis based on novel insight into 
growth factors, receptors, and downstream effectors in acute 
kidney injury and acute kidney injury-chronic kidney disease 
progression.  Signal Transduct. Target. Ther., 5, 9.

Huang da, W., Sherman, B.T. & Lempicki, R.A. (2009)  Systematic 
and integrative analysis of large gene lists using DAVID bioin-
formatics resources.  Nat. Protoc., 4, 44-57.

Khurana, R., Ranches, G., Schafferer, S., Lukasser, M., Rudnicki, 
M., Mayer, G. & Huttenhofer, A. (2017)  Identification of 
urinary exosomal noncoding RNAs as novel biomarkers in 
chronic kidney disease.  RNA, 23, 142-152.

Lewis, B.P., Burge, C.B. & Bartel, D.P. (2005)  Conserved seed 
pairing, often flanked by adenosines, indicates that thousands 
of human genes are microRNA targets.  Cell, 120, 15-20.

Li, W., Liu, S., Chen, Y., Weng, R., Zhang, K., He, X. & He, C. 
(2020)  Circulating exosomal microRNAs as biomarkers of 
systemic lupus erythematosus.  Clinics (Sao Paulo), 75, 
e1528.

Lorenzen, J.M., Haller, H. & Thum, T. (2011)  MicroRNAs as 
mediators and therapeutic targets in chronic kidney disease.  
Nat. Rev. Nephrol., 7, 286-294.

Lv, L.L., Cao, Y., Liu, D., Xu, M., Liu, H., Tang, R.N., Ma, K.L. & 

Fig. 9.  GO functional enrichment analysis for predicted miRNA targets of hsa-mir-451a and hsa-let-7d-3p.
We performed GO functional enrichment analysis using DAVID analysis tool.  Red represents biological process (BP), 
yellow represents cellular component (CC), and blue represents molecular function (MF).



Urinary Exosomal MicroRNAs in IgA Nephropathy 223

Liu, B.C. (2013)  Isolation and quantification of microRNAs 
from urinary exosomes/microvesicles for biomarker discovery.  
Int. J. Biol. Sci., 9, 1021-1031.

Morandi, F. & Pistoia, V. (2013)  Soluble HLA-G modulates 
miRNA-210 and miRNA-451 expression in activated CD4+ T 
lymphocytes.  Int. Immunol., 25, 279-285.

Moresco, R.N., Speeckaert, M.M. & Delanghe, J.R. (2015)  Diag-
nosis and monitoring of IgA nephropathy: the role of 
biomarkers as an alternative to renal biopsy.  Autoimmun. Rev., 
14, 847-853.

Murata, K., Yoshitomi, H., Furu, M., Ishikawa, M., Shibuya, H., 
Ito, H. & Matsuda, S. (2014)  MicroRNA-451 down-regulates 
neutrophil chemotaxis via p38 MAPK.  Arthritis Rheumatol., 
66, 549-559.

Ohno, S. & Kuroda, M. (2016)  Exosome-mediated targeted 
delivery of miRNAs.  Methods Mol. Biol., 1448, 261-270.

Perez-Hernandez, J., Forner, M.J., Pinto, C., Chaves, F.J., Cortes, 
R. & Redon, J.  (2015)  Increased urinary exosomal 
microRNAs in patients with systemic lupus erythematosus.  
PLoS One, 10, e0138618.

Pisitkun, T., Shen, R.F. & Knepper, M.A. (2004)  Identification and 
proteomic profiling of exosomes in human urine.  Proc. Natl. 
Acad. Sci. U. S. A., 101, 13368-13373.

Shao, H., Im, H., Castro, C.M., Breakefield, X., Weissleder, R. & 

Lee, H. (2018)  New technologies for analysis of extracellular 
vesicles.  Chem. Rev., 118, 1917-1950.

Tsuji, K., Kitamura, S. & Wada, J. (2020)  MicroRNAs as 
biomarkers for nephrotic syndrome.  Int. J. Mol. Sci., 22, 88.

Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J.J. & 
Lotvall, J.O. (2007)  Exosome-mediated transfer of mRNAs 
and microRNAs is a novel mechanism of genetic exchange 
between cells.  Nat. Cell Biol., 9, 654-659.

Vlassov, A.V., Magdaleno, S., Setterquist, R. & Conrad, R. (2012)  
Exosomes: current knowledge of their composition, biological 
functions, and diagnostic and therapeutic potentials.  Biochim. 
Biophys. Acta, 1820, 940-948.

Wang, G. & Szeto, C.C. (2007)  Quantification of gene expression 
in urinary sediment for the study of renal diseases.  
Nephrology (Carlton), 12, 494-499.

Wang-Renault, S.F., Boudaoud, S., Nocturne, G., Roche, E., 
Sigrist, N., Daviaud, C., Bugge Tinggaard, A., Renault, V., 
Deleuze, J.F., Mariette, X. & Tost, J. (2018)  Deregulation of 
microRNA expression in purified T and B lymphocytes from 
patients with primary Sjogren’s syndrome.  Ann. Rheum. Dis., 
77, 133-140.

Xie, Y., Jia, Y., Cuihua, X., Hu, F., Xue, M. & Xue, Y. (2017)  
Urinary exosomal microRNA profiling in incipient type 2 
diabetic kidney disease.  J. Diabetes Res., 2017, 6978984.


