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Abstract: Understanding the relationships between glomerular endothelial cells (GECs) and glomerular mesangial
cells (GMCs) is important to identify the molecular mechanisms underlying diabetic nephropathy (DN). Exosomes
carried with mRNA, microRNA, and protein play important roles in cell-to-cell communication. In this study, we
showed that high glucose (HG)-treated GECs secreted a higher number of exosomes enriched in circRNAs compared
with normal glucose (NG)-treated GECs. Differentially expressed circRNAs (DECs) were obtained by high-throughput
sequencing. Of these DECs, the expressions of 217 DECs and 484 DECs in HG-treated GEC exosomes were sig-
nificantly downregulated and upregulated, respectively, compared with NG-treated GEC exosomes. The functions
of the DEC target genes were involved in the PI3K/AKT and MAPK pathways. Five DECs were randomly selected
for identification by quantitative real-time PCR (qRT-PCR). Two DECs (circRNF169 and circSTRN3) were further se-
lected for functional validation. Moreover, we demonstrated that exosomes released by HG-treated GECs promoted
a-smooth muscle actin (a-SMA) expression. It also inhibited proliferation and promoted epithelial-mesenchymal
transition (EMT) in GMCs. In addition, cell functional studies indicated that the knockdown and over-expression of
two DECs (circRNF169 and circSTRN3) effectively inhibited or promoted cell proliferation and promoted or inhibited
EMT, respectively. Thus, the results of this study provide new insights into the pathogenesis of DN that involves the
intercellular transfer of circRNAs from GECs to GMCs via exosomes.
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Introduction their families and results in a heavy financial

burden to the family, medical system, and soci-

Diabetic nephropathy (DN) is one of the most
serious chronic complications of diabetes. DN
is caused by diabetic microangiopathy. At pr-
esent, there are 92 million diabetic patients
and 148 million pre-diabetes patients in China
[1]. The number of diabetic patients is still
increasing worldwide; thus, the prevalence of
DN is also increasing. The main pathological
feature of DN is glomerular sclerosis. In the
United States, a previous study suggested that
approximately 30% of the type 1 diabetes mel-
litus (TADM) cases and 20% of the type 2 dia-
betes mellitus (T2DM) cases develop DN. Appro-
ximately 50% patients die of end-stage renal
disease, which is the leading cause of death
from chronic kidney disease [2]. DN causes
great suffering to the patients themselves and

ety as a whole. Currently, the relevant patho-
genic factors of DN include genetic background
[3], abnormal glucose metabolism [4], abnor-
mal lipid metabolism [5], microcirculatory disor-
ders [6], cytokines [7], and inflammation [8],
among others. However, the exact pathogene-
sis of DN has not yet been elucidated. In gen-
eral, it is caused by long-term hyperglycemia in
patients with certain genetic backgrounds and
some relevant acquired risk factors, which
could initiate cytokine networks and ultimately
result in damage to kidneys and other impor-
tant tissues [9].

The exosomes are vesicle-like bodies that are
secreted from the cell into the extracellular
space. The functions of exosomes focus on
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transmitting proteins, lipids, and nucleic acids.
As a new type of biological marker, exosomes
serve as important carriers of signal transmis-
sion between cells and participate in the devel-
opment of various renal diseases [10]. In 1981,
Trams et al. first proposed the concept of “exo-
somes” when studying the detachment of nor-
mal cells and tumor cells [11]. A few years later,
Pan et al. first purified exosomes during a study
of reticulocyte ripening [12]. Subsequent study
have found that almost all cells secrete exo-
somes, which can be isolated from blood, urine,
semen/prostatic fluid, amniotic fluid, and pleu-
ral effusion [13]. At present, the distinction
between exosomes and other microbubble
structures is mainly based on the diameter
(particle diameter 100 nm-1 um, exosome
diameter 30-100 nm, apoptotic body diameter
1-4 pm). In addition, exosomes express major
tissue phase endogenous molecules, such as
capacitive complex (MHC) and CD63, and con-
tain a large number of specific proteins and
functional mMRNAs, miRNAs, and even DNA [14].
miRNAs are a class of short non-coding ribo-
nucleotides involved in numerous biological
processes. In a variety of pathophysiological
processes, cells encapsulate miRNAs in exo-
somes and release them into the peripheral
circulation [15]. Recent studies found that 14
miRNAs (miR-320c, miR-6068, etc.), which
were secreted by exosomes in the urine of DN
patients, were downregulated. Downregulated
miR-320c¢ could affect the TGF-B-related signal-
ing pathway through regulation of platelet-reac-
tive protein-1 (TSP-1). Meanwhile, exosome-
derived miRNA192 was upregulated in the
urine of early DN patients with microalbumin-
uria [16, 17]. Therefore, exosomal-derived miR-
NAs can truly reflect the functional status of DN
Kidneys.

In this study, we isolated the exosomes from
glomerular endothelial cells (GEC) treated with
high glucose (HG) and normal glucose (NG). The
morphological size and protein markers of the
exosomes were identified. Moreover, we sc-
reened the circRNAs differentially expressed
between the two different groups by high-th-
roughput sequencing. The differentially expre-
ssed circRNAs identified were further con-
firmed by qRT-PCR. In addition, we studied the
functional roles of the screened circRNAs in
glomerular mesangial cells. The results provide
detailed information on the roles of exosome-
derived circRNAs in DN.
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Materials and methods
Cell treatment

Mouse primary kidney GEC (C57-6014G) and
mouse glomerular mesangial cells (GMC) (SV40
MES 13) were obtained from Cell Biologics
(Chicago, IL, USA) and China Infrastructure of
Cell Line Resources (China), respectively. Mou-
se GECs were cultured in complete culture me-
dium (Procell, China) and GMCs were cultured
in low glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) with 5% (v/v) fetal bovine
serum (FBS) (Invitrogen, Carlsbad, CA, USA).
The cell lines were maintained in a humidified
chamber at 37°C and 5% CO,. For the GEC
experiments, all cells were divided into two sub-
groups: GECs treated with low glucose (5
mmol/I glucose + 25 mmol/I mannitol) and
GECs treated with high glucose (30 mmol/I).
The ORF plasmid of mmu_circ_0001605 and
mmu_circ_0000372 was obtained from
Forevergen (China). The LVOO3 Vector was used
to build a system over-expressing mmu_circ_
0001605 and mmu_circ_0000372 in GMC. All
lentiviral particles were generated in 293T by
following a standardized protocol provided by
Forevergen. Lentivirus was used to infect the
GMC cells when the cell confluence reached
70%-80% in 6-well culture plates. Double-
stranded siRNAs (dsRNA) targeting mmu_circ_
0001605 and mmu_circ_0000372 were ob-
tained from GenePharma (China). The sequen-
ce of the siRNAs used to knock down the cir-
cRNAs were: Si-circRNF169-1, 5-GGCAGGAG-
TTTATATTCA-3’; Si-circRNF169-2, 5-GTTCCTG-
GCAGGAGTTTA-3’; Si-circSTRN3-1, 5-GAATGG-
GGCACGGATTGCA-3’; and Si-circSTRN3-2, 5-
GTACAGAATGGGGCACGGA-3'. The cells were
seeded in 6-well plates at 5 x 10° cells per well
with low glucose DMEM and 5% FBS overnight.
Transfection was conducted with Lipofectamine
2000 reagent (final siRNA concentration, 100
nM) (Thermo Fisher Scientific, Waltham, MA,
USA).

Exosomal extractions

GEC exosomal extractions from cell culture
media were conducted with Total Exosome
Isolation Reagent (Thermo Fisher Scientific),
following the protocol provided by the manufac-
turer. Briefly, serum-free GEC culture superna-
tants were collected and centrifuged at 2,000 g
for 30 min to remove cells and cell debris.
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Reagent (0.5 ml) was added to 1 ml of the
supernatants. The culture media/reagent mix-
ture was mixed well and incubated at 2°C to
8°C overnight. Then, the mixture was centri-
fuged at 10,000 g for 1 h, the supernatants
were aspirated, and 0.1 ml of 1 x PBS was
added. The isolated exosomes were kept at
2°C to 8°C for one week. NTA of the GEC exo-
somes was performed as previously reported
[18].

GEC exosome circRNA sequencing

The MiniBEST Universal RNA Extraction Kit
(Takara, Japan) was used to obtain the tot-
al RNA of the GEC exosomes. The purity and
concentration of the total GEC exosomal RNA
were measured with an Agilent 2100 (Agilent
Technologies, USA). DNase | (Epicenter, USA)
and the Epicenter Ribo-zero™ rRNA Removal
Kit (Epicenter) were used to remove the con-
taminating DNA and ribosomal RNA, respec-
tively. Furthermore, linear RNA was removed
with RNase R digestion (Epicenter). Reverse
transcription was conducted with PrimeScript™
Il Strand cDNA Synthesis Kit (Takara). An ultra-
sonic method was used to cut the circRNAs into
140-160 bp pieces (Covaris M220, USA). The
NEBNext® Ultra™ Directional RNA Library Prep
Kit for lllumina® (NEB, Ipswich, MA, USA) was
used following the manufacturer's recommen-
dations. Adaptors were ligated to the 3’adenyl-
ated ends of the DNA fragments. Suitable cDNA
fragments between 150-200 bp were selected
with the AMPure XP system (Beckman, USA).
Then, the cDNA library was amplificated with
universal PCR primers and Index (X) primer. The
final library product was assessed with an
Agilent Bioanalyzer 2100 system (Agilent). The
Ilumina HiSeq 2500 platform was used to
sequence the library with 150 bp paired-end
sequencing strategy.

Bioinformatics

CircRNAs were considered differentially ex-
pressed at P<0.05 and |Log2 Ratio| > 1.5. GO
enrichment analysis and KEGG analysis of the
differentially expressed circRNAs were con-
ducted according to genomic position and ov-
erlap with protein-coding genes using the
KOBAS3.0 online database (http://kobas.cbi.
pku.edu.cn/). The default parameters were
strictly followed. Meanwhile, a hypergeometric
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test was used to calculate the major biochemi-
cal metabolic pathways.

PCR

The total RNA of the GEC exosomes and
GECs was obtained by the MiniBEST Univers-
al RNA Extraction Kit (Takara). The PrimeSc-
ript™ Il Strand cDNA Synthesis Kit (Takara)
was used to harvest cDNA. The primer se-
quences of the five selected circRNAs were:
mmu_circ_0001605-F: 5-GATGAAGCAGTGGT-
GCTGAA-3’, mmu_circ_0001605-R: 5-CTCAG-
CTTTCTCAGGCATCC-3’; mmu_circ_0000372-F:
5-CAGGGGATGGTACAGAATGG-3, mmu_circ_
0000372-R: 5-CTGATTCAAAGGTGGGCATT-3’;
mmu_circ_0000505-F:5-GTCAGCCTTCTACCCCAT-
GA-3’; mmu_circ_0000505-R: 5-ACACAACCT-
GCACATTCCAA-3’; chr3: 141922094:141940-
965-F: 5-GCCCACTGCAACCAAGTTAT-3’, chr3:
141922094:141940965-R: 5-CTACAGGCTTG-
AAAGCAGCA-3’; chrl7: 78679313:78689706-
F: 5-GGACAGCTACGAAACGCAAG-3’, and chrl7:
78679313:78689706-R: 5-GCTGGGTAAAGGA-
CAGCACT-3'. The primer sequences of the two
circRNAs (mmu_circ_0001605 and mmu_
circ_0000372) target miRNAs (miR-29¢-3p and
miR-93-5p) were: MiR-29¢-3p-F: 5'-TAGCACCA-
TTTGAAATCG-3’, miR-29¢-3p-RT: 5-GTCGTAT-
CCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC-
GACTAACCG-3’; miR-93-5p-F: 5-CAAAGTGCT-
GTTCGTGCA-3’, miR-93-5p-RT: 5-GTCGTATCC-
AGTGCAGGGTCCGAGGTATTCGCACTGGATACGA-
CCTACCT-3". Universe-R: 5-GTGCAGGGTCCG-
AGGT-3". The 10 ul g-PCR system contained 5pl
2 x SsoAdvanced™ Universal SYBR® Green
Supermix (BioRad, USA), 0.5 ul primers (5pmol
each), 0.5 pl cDNA template (approximately 20
ng), and 4 pl ddH,0. The thermal cycler steps:
94°C for 3 min, 40 cycles of 95°C for 15 s and
60°C for 25 seconds. GAPDH reported in a pre-
vious study was used as a reference gene [19].
The AACt method was applied to calculate cir-
cRNA expression. Four primer pairs were
designed to identify the linear DNA and the cor-
responding circRNA (mmu_circ_0001605 and
mmu_circ_0000372). The primers used were:
circRNA (234 bp): mmu_circ_0001605-F: 5-
GATGAAGCAGTGGTGCTGAA-3’, mmu_circ_00-
01605-R: 5-CTCAGCTTTCTCAGGCATCC-3’; lin-
er DNA (169 bp): mmu_circ_0001605-F: 5'-
CGGGAGAACTCAGTGAGGAG-3’, mmu_circ_00-
01605-R: 5-TTCAGCACCACTGCTTCATC-3". cir-
cRNA (199 bp): mmu_circ_0000372-CF: 5'-
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CAGGGGATGGTACAGAATGG-3', mmu_circ_00-
00372-CR: 5-CTGATTCAAAGGTGGGCATT-3; li-
ner DNA (178 bp): mmu_circ_0000372-LF: 5™-
GCACGGATTGCATTTTTACA-3’, mmu_circ_000-
0372-LR: 5-CTGATTCAAAGGTGGGCATT-3'. The
PCR products were analyzed by 1.5% agarose
gel electrophoresis and Sanger sequencing.

Western blots

The total exosomal protein of the different
groups was extracted with pre-cooled cell
lysate (volume ratio PMSF: RIPA cell lysate,
1:120). Protein loading buffer was added to the
collected protein samples. The mixture was
heated in a 100°C boiling water bath for 5 min-
utes. Subsequently, the proteins were trans-
ferred to a polyvinylidene difluoride membrane
(Millipore, Bedford, MA, USA). After blocking for
1 h at room temperature, the membrane was
incubated with rabbit polyclonal anti-mouse
HspA8 (1:1000) and Alix (1:1500) antibody
(BOSTER, USA) for 12 hours. Then, the treated
proteins were incubated with the correspond-
ing secondary antibody (1:2000 dilution) for 1 h
at room temperature (BOSTER). The Odyssey
Infrared Imaging System (LI-COR Biosciences,
USA) was used to observe the reactions.

Enzyme-linked immunosorbent assay (ELISA)

When the GMC cell confluence reached 70%-
80%, the cells were washed with 1 x PBS.
Exosomes derived from the same cells, treated
with low glucose or high glucose, circRNA
siRNA, or circRNA over-expressing lentiviral
vector were added along with medium (without
FBS, low-glucose DMEM, 1% double antibody).
The supernatant was incubated for 24 hours.
ELISA kits were used to quantify the main com-
ponents of the ECM (Col IV and FN) according to
the manufacturer’s instructions (CUSABIO,
USA).

Immunofluorescence

The cells were plated in 6-well chamber slides
at 5 x 10* cells per well (Millicell EZ Slide,
Millipore). The cells were fixed with cold 100%
methanol (stored at -20°C) for 2 min, washed
with 800 ul of PBS three times for five min each
and blocked with 2% bovine serum albumin
(BSA) for 1 hour. Each slide was incubated with
200 pl of diluted primary anti-a-SMA antibody
(1:50; Abcam) and vimentin (1:200; Abcam)
overnight in a refrigerator. The nuclei were
stained with 4’,6-diamidino-2-phenylindole
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(DAPI). Each slide was washed with 500 ul of
PBS three times. Subsequently, the samples
were treated with 200 pl of Alexa Fluor 568
(red) or Alexa Fluor 488 (green)-labeled sec-
ondary antibody (1:1000 diluted in PBS buffer
with 2% BSA) for 2 h in the dark. Images were
taken under confocal microscopy. Zeiss LCM
image browser software was used to produce a
composite multicolor image. All images were
combined with Adobe Photoshop software. In
addition, the exosomes were labeled with
PKHG67 dye for 24 hours (Sigma, St. Louis, MO,
USA). All assays were performed according to
the manufacturer’s instructions. Subsequently,
the GMCs were observed under a confocal
laser microscope.

Cell function

An MTT kit (Beyotime Institute of Biotechnology,
China) was used to study cell proliferation
according to the manufacturer’s protocol. Cells
(2,000) were plated in a 96-well plate. The cells
were cultured in media containing 5% FBS at
37°C and 5% CO, for 24 hours. Then, a micro-
plate reader (Thermo Fisher Scientific) was
used to measure the absorbance at 490 nm.
Transwell Permeable Support was used to
study cell migration (Corning Incorporated,
Corning, NY, USA). A density of 1 x 10° per ml
(100 pl per chamber) cells was carefully trans-
ferred to the top chamber of each transwell and
the cells were allowed to migrate for 24 h at
37°C. Cells that had penetrated to the bottom
side of the membrane were fixed in methanol
and stained with hematoxylin.

Data analysis

SPSS V16.0 software (IBM, USA) was used to
perform the statistical analyses. The mean val-
ues of the statistical results for the measured
data were presented as the mean * standard
error. ANOVA was applied to calculate the differ-
ences between the groups. The differences
between the two groups were calculated using
Tukey's test. P-values less than 0.05 were
defined as significantly different.

Results

High glucose (HG) treatment stimulated GECs
to secrete high numbers of exosomes

In order to investigate the effect of HG treat-

ment on exosome release, GECs were divided
into two sub-groups: HG treatment (30 mmol/I)
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Figure 1. Isolation and identification of exosomes from glomerular endothelial cells treated with high glucose and
low glucose. A: Exosomal size analysis of HG-GEC-EXO and NG-GEC-EXO by NTA. B: The number of exosomes ana-
lyzed in the two different groups by NTA. C: Western blot analysis of HspA8 and Alix in the exosomes of the two
different groups. ****P-value < 0.001. HG-GEC-EXO: exosomes from glomerular endothelial cells treated with high
glucose. NG-GEC-EXO: exosomes from glomerular endothelial cells treated with normal (low) glucose; NTA: Nanopar-

ticle tracer analysis.

and low glucose treatment (5 mmol/l + 25
mmol/I mannitol). Culture supernatants (1 ml)
with approximately 4 x 10% GECs was used to
obtain exosomes using a commercial separa-
tion kit. Nanoparticle tracer analysis (NTA) of
the GEC exosomes suggested that exosomal
sizes ranged from 55 nm to 180 nm (Figure
1A). No difference in GEC exosomes was
observed between the two groups. And the
number of exosomes was also measured by
NTA. The results revealed that the number of
exosomes in HG-GEC-EXO group was signifi-
cantly higher than that in NG-GEC-EXO group
(Figure 1B). Western blots were performed to
analyze the expression of specific exosomal
proteins (HspA8 and Alix). The results indicated
that both exosomal biomarkers were more
abundant in the HG-GEC-EXO group compared
to the NG-GEC-EXO group (Figure 1C). In sum-
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mary, the results in this study demonstrated
that HG effectively promoted the release of
exosomes from GECs.

Screening and identification of differentially
expressed circRNAs in exosomes

In this study, we focused on the differentially
expressed circRNAs in exosomes in HG and low
glucose-treated GECs. Figure 2A shows the
size distribution of the sequenced exosomal cir-
cRNAs of the two groups. The main size of the
two libraries was mainly concentrated in 500
bp. No differences were seen between the two
groups. The copy number of back-spliced reads
suggested that the exosomal circRNAs of the
two groups ranged from 2 to 10 (Figure 2B).
Moreover, we also analyzed the chromosomal
distribution of the differentially expressed cir-
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Figure 2. High-throughput sequencing analysis of circRNAs in GEC exosomes treated with low glucose and high glucose. A: Length distribution analysis of circRNAs in
GEC exosomes treated with high and low glucose. The main size of the two libraries was mainly concentrated in 500 bp. B: Back-spliced read numbers of circRNAs
in GEC exosomes treated with high and low glucose. The copy number of back-spliced reads ranged from 2 to 10. C: Chromosomal distribution of differentially
expressed circRNAs in GEC exosomes treated with high and low glucose were located at all chromosomes. NG-GEC-EXO-circRNA: circRNA in exosomes from GECs
treated with normal (low) glucose. HG-GEC-EXO-circRNA: circRNA in exosomes from GECs treated with high glucose.

4672

Am J Transl Res 2019;11(8):4667-4682



10g10(HG <TPM>)

-2

CircRNAs in exosomes activate mesangial cells

CircRNA Expression Level NG vs HG B
P-value <= 0.05 AND |log2Ratio| >= 0.59 100
B up-regulated circRNAs - 80
@ down-regulated circRNAs $
m Not DEGs 2 60
o
£
0
g
g
E
£
=
g
£
i H
L

psc part
SYnapse
COmpley

part
ane
hioy
lion
Tegion
N part

anelle’
mem,
cel|
lluly
o1
osod

Synay
SUpramoecyp
org;
me
Xirace]
aceljy);
"""‘"ﬂ:’l

extr,

mem|

log10(NG <TPM>)

Biological Process

Voworogmenss @

Vasogressn coguated water readsopton -

TN signalng °
Ras sqraieg °
Prostate canca °
Pk AU sgrsing putay - @) Inputnumber
Phosgholpase D sgnaing pahuy - ° OY
Non-aicoholc fatty ver Gnease (NAFLD) [ ] :z
McroRNAs i cancee~ @) 0
g MAPK signaing pataay - Y
2 Longeaty regaatng pataay - [ ] PValve
Tl resistance - [ ] o078
HILVA nfocten- @ -
KR, O 0025
Hepatts 8- °
Cocane adisction °
OMP-PKG signaing °
CAMP sgraing [ ]
AVPX sgnaing °
Acostercne oy dated s05um reatsorpton - .
o® om 00
RichFactor

Figure 3. Differentially expressed circRNAs and their original gene functions in GEC exosomes treated with low glucose and high glucose. A: Differentially expressed
circRNAs in GEC exosomes treated with low glucose and high glucose. Not DEGs means no differentially expressed circRNAs were seen between the two groups. B:
GO analysis of differentially expressed circRNA original genes. All GO items were divided into three main sub-groups, cellular components, molecular functions, and
biological processes. C: KEGG analysis of differentially expressed circRNA original genes. NG: circRNA in exosomes from GEC with normal glucose treatment. HG:

circRNA in exosomes from GEC treated with high glucose.

4673

Am J Transl Res 2019;11(8):4667-4682



CircRNAs in exosomes activate mesangial cells

mu-

mm

mmu

5111

96-5p

mm

mm 0-

= (il

chy17:7867 80706

mm

mm

/.

b-3p

51-5p
mm
chi71 7104050
0a-5
0

51-5p

5p

mm

m
o 89276563

mu- p
1b-5p

17-5p

mm
M
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cRNAs (DECs) in the two groups. The results
indicated that these DECs were located at all
chromosomes. The number of upregulated
DECs (217) was lower than the number of down-
regulated DECs (484) (Figures 2C and 3A).
Furthermore, we analyzed the functions of th-
ese DECs. Gene ontology (GO) analysis revealed
that gene function was mainly distributed into
three sub-groups: cellular components, molec-
ular function, and biological processes (Figure
3B). In the cellular component, cells, cell parts,
and organelles were the three most enriched
items. From the perspective of molecular func-
tion, localization was the most enriched item.
From the perspective of biological processes,
cellular processes, biological regulation, and
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regulation of biological processes were the
most enriched items. Meanwhile, KEGG analy-
sis suggested that items were most enriched in
the PI3K/AKT and RAS signaling pathways
(Figure 3C). In addition, to further examine the
function of DECs, we reconstructed a network
of circRNA-miRNA-mRNAs. circRNAs related to
the RAS pathway were selected with the follow-
ing criteria: 1) The circRNAs were sourced from
exons and 2) The length of the circRNAs rang-
ed between 300 bp and 1200 bp. Figure 4
suggested that ten circRNAs played key roles
in this network. For example, chr3: 1419220-
94:141940965 regulated mmu-miR-195a-5p,
which regulated the expression of Bcl-2 mRNA.
In addition, five DECs, including mmu_circ_

Am J Transl Res 2019;11(8):4667-4682



CircRNAs in exosomes activate mesangial cells

A mmu_circ_0001605 mmu_circ_0000372 mmu_circ_0000505 chr3:141922094]141940965
1.5 1.5
g s g :
® i a a
@ @ @ @
@ 4 o 1.0 2 1.0
s 5 g — 3 ——
@ @ @ @
@ @ @ @
= 20 205 205
= =] =] =]
3 o o @
T ] @ @
4 4 [ 4
0.0 0.0
o o
5 A
& é;d' & é‘fd' &
e o o o & o
- A & & <~ &
chr17:78679313|78680706 mmu-miR-29¢c-3p mmu-miR-93-5p
1.5 15
g 5 5 :
3 2 3 _
g0 = 2 g
c o o
£ £ »
B @ @
@ @ @
205 =z Z 0.
= = ©
® @ ®
[4 4 4
0.0
O ]
o*? c.'¢
& &
0.0 e&"
&£ &
B mmu_circ_0001605 mmu_circ_0000372 mmu_circ_0000505 chr3:141922094]141940965
g 5 8 8
w w w “
w o o @
D 1. e @ 1. @ 1.
o o o o
X x x x
@ @ @ @
= = © ]
T ] ® ]
4 4 4 4
& &
& &
chr17:78679313|78680706 mmu-miR-2%¢c-3p mmu-miR-93-5p
1.5 1.5
c k=4 k=4
c S S
2 1.0 X @ @ 1.0
(=N o o
x % x
@ @ @
[ @ @«
205 Z 0. 205
5 s s
® K K
4 4 4
0.0 0.0
& & & &
& & & &
- *? - *

Figure 5. gRT-PCR analysis of five selected differentially expressed circRNAs in GEC exosomes and GECs treated
with normal glucose and high glucose. A: The expressions of five selected differentially expressed circRNAs and
two of their target miRNAs in GEC exosomes treated with low and high glucose. HG-GEC-EXO: exosomes from GECs
treated with high glucose. NG-GEC-EXO: exosomes from GECs treated with normal glucose. B: The expression of five
selected differentially expressed circRNAs and two of their target miRNA in GECs treated with low and high glucose.
HG-GEC: GEC treated with high glucose. NG-GEC: GEC treated with normal glucose. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.

0001605, mmu_circ_0000372, mmu_circ_ the target miRNAs (mmu-miR-29¢-3p and miR-
0000505, chr3: 141922094:141940965, and 93-bp) of mmu_circ_0001605 and mmu_
chrl7: 78679313:78689706, were randomly circ_0000372 in exosomes were also studied
selected to confirm their expression levels in (Figure BA). The expression of mmu-miR-29c¢c-
exosomes of different groups by qRT-PCR 3p and miR-93-5p were significantly higher in
(Figure 5). Figure 5A shows that the expression the HG-GEC-EXO group than in the NG-GEC-
of mmu_circ_0001605, mmu_circ_0000372, EXO group (P < 0.05). Moreover, we also exam-
mmu_circ_0000505, and chr3: 141922094 ined the expression of five selected circRNAs in
141940965 were significantly reduced in the GECs with different treatments (Figure 5B).
HG-GEC-EXO group compared to the NG-GEC- Results similar to the exosomal analysis re-
EXO group (P < 0.05). No difference was found sults were obtained. In addition, we further
in the expression analysis of chrl7: 786793- identified the characteristics of mmu_circ_
13:78689706. Meanwhile, the expression of 0001605 and mmu_circ_0000372 by PCR
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al influence of exosomes on
epithelial-mesenchymal tran-
sition (EMT). a-SMA and vime-
ntin were selected as bio-
markers of EMT. The immuno-
fluorescence results showed
that the GEC exosomes of the
HG-GEC-EXO group and the
NG-GEC-EXO group signifi-
cantly promoted o-SMA ex-

mmu_circ_0000372 GAPDH reverse

Figure 6. PCR and Sanger sequencing identification of mmu_circ_0001605
and mmu_circ_0000372 in GEC exosomes treated with normal glucose and
high glucose. A: Divergent primers detect circular RNAs in cDNA but not ge-
nomic DNA (gDNA). GAPDH was used as an internal reference. Forward indi-
cates the forward primer used in Sanger sequencing. Reverse indicates the
reverse primer used in Sanger sequencing. B: Sanger sequencing depicts
the junction of mmu_circ_0001605 and mmu_circ_0000372.

and Sanger sequencing (Figure 6A and 6B).
The results confirmed mmu_circ_0001605
and mmu_circ_0000372 in the GEC exosom-
es.

GEC exosomes in the HG-GEC-EXO group af-
fected GMC function

To study the function of GEC exosomes, we
labeled exosomes using a PKHG7 fluorescent
cell linker kit. The GMCs were incubated with
GEC exosomes from the blank group, the
HG-GEC-EXO group, and the NG-GEC-EXO group
for 24 hours. The results suggested that the
PKHG7-labeled exosomes were localized in the
GMC cytoplasm, which indicated that GEC-
derived exosomes were internalized by the
GMCs. Meanwhile, endocytosis was more obvi-
ous in the HG-GEC-EXO group than in NG-GEC-
EXO group (Figure 7A). We also performed a
cell proliferation study in GMCs, which were
treated with the same cell number of exosomes
in the HG-GEC-EXO group and the NG-GEC-EXO
group. The results revealed that the exosomes
of both groups inhibited GMC proliferation (P <
0.0001) (Figure 7B). QRT-PCR was performed
to study the expression of circRNF169 and circ-
STRN3 in GMCs, which were treated with the
same cell number of exosomes in the HG-GEC-
EXO group and the NG-GEC-EXO group. The
results suggested that the expression of cir-
cRNF169 and circSTRN3 in the GMCs of both
groups was significantly reduced compared
with the untreated group (P < 0.001) (Figure
7C). Furthermore, we also studied the potenti-
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pression in the GMCs. How-
ever, there was no difference
in vimentin expression in the
different groups (Figure 7D).
In addition, we used enzyme-
linked immunosorbent assay
(ELISA) assays to study the FN
and COI IV of the culture medi-
um supernatant in the differ-
ent groups. The results indicated that the GEC
exosomes in the HG-GEC-EXO group effectively
induced the expression of FN and COI IV in GMC
supernatant (Figure 7E). Collectively, the data
showed that GEC exosomes in the HG-GEC-EXO
group affected GMC cell function.

Knockdown and over-expression analysis of
mmu_circ_0001605 and mmu_circ_0000372
in GMCs

We used GMCs to further study the detailed
function of mmu_circ_0001605 and mmu_
circ_0000372. In the knockdown study, we
designed two siRNA pairs to mmu_circ_
0001605 (circRNF169) and mmu_circ_00-
00372 (circSTRN3) in GMCs. The transfection
effect was confirmed by qRT-PCR (Figure 8A).
QRT-PCR analysis revealed that Si-circRNF-
169-1, Si-circRNF169-2, Si-circSTRN3-1, and
Si-circSTRN3-2 effectively downregulated the
expression of circRNF169 and circSTRN3 (P <
0.05). Therefore, to explore the function of the
two interfering circRNAs, we examined the
effects of siRNA from two circRNAs on GMC cell
function. The ELISA analysis indicated that
Si-circRNF169-2 and Si-circSTRN3-2 effectively
upregulated the expression of Col IV in GMCs
supernatant (P < 0.05) (Figure 8B). Si-circ-
RNF169-2 and Si-circSTRN3-2-treated GMCs
were selected to perform the subsequent stu-
dy. Cell proliferation analysis suggested that
Si-circRNF169-2 and Si-circSTRN3-2 treat-
ments effectively inhibited GMC proliferation
compared to GMCs without any treatments
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Figure 7. Effect of GEC exosomes treated with low glucose and high glucose on mesangial cells (GMC). (A) Endo-
cytosis analysis of GMCs into GEC exosomes with different glucose treatments. GEC exosomes were labeled with
PKHG67. Scale bar = (B) Cell proliferation analysis of GMCs treated with different GEC exosome. (C) Expression of
circRNF169 and circSTRN3 in GMCs treated with different GEC exosomes. (D) Immunofluorescence analysis of
epithelial-mesenchymal transition (EMT) of GMCs treated with different GEC exosomes. (E) ELISA examination of
EMT of GMCs treated with different GEC exosomes. *P < 0.05; ***P < 0.001; ****P < 0.0001. Untreated: GMC
without treatment. HG-GEC-EXO: exosomes from GMCs treated with high glucose. NG-GEC-EXO: exosomes from
GMCs treated with low glucose.

(Figure 8C). Furthermore, immunofluorescence knockdown-treated GMCs (Figure 8D), which
analysis revealed that a-SMA expression was could be beneficial to EMT. In the over-expres-
upregulated in circRNF169 and circSTRN3 sion study, the transfection effect was also con-
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Figure 9. Functional changes in GMCs after over-expression of mmu_circ_0001605 and mmu_circ_0000372.
A: QRT-PCR confirmation of the results of over-expression of mmu_circ_0001605 and mmu_circ_0000372 in
GMCs. B: ELISA examination of the expression of Col IV in GMCs over-expressing mmu_circ_0001605 and mmu_
circ_0000372. C: Cell proliferation analysis of GMC over-expressing mmu_circ_0001605 and mmu_circ_0000372.
D: Immunofluorescence analysis of a-SMA and vimentin in GMCs over-expressing mmu_circ_0001605 and mmu_

circ_0000372. Scale bar = 50 um. E: Cell migration analysis of GMCs over-expressing mmu_circ_0001605 and
mmu_circ_0000372. circRNF169 refers to mmu_circ_0001605, located between chr7: 107083672-107104050.
circSTRN3 refers to mmu_circ_0000372, located between chrl2: 52748981-52762700. *P < 0.05; **P < 0.01;
***%P < 0.001; ****P < 0.0001. LVO03: GMCs treated with empty lentiviral vector. LVOO3-circRNF-169: mmu_
circ_0001605 over-expressing lentiviral-treated GMCs. LVOO3-circSTRN3: mmu_circ_0000372 over-expressing

lentiviral-treated GMCs.

firmed by gRT-PCR (Figure 9A). QRT-PCR analy-
sis revealed that the expression of circRNF169
and circSTRN3 were significantly upregulated
(P < 0.001). Therefore, to explore the function
of the two over-expressed circRNAs, we investi-
gated how the over-expressing plasmids influ-
enced GMC cell functions. ELISA analysis indi-
cated that the over-expression of circRNF169
and circSTRN3 effectively downregulated the
expression of Col IV in GMC supernatant (P <
0.05) (Figure 9B), while cell proliferation analy-
sis suggested that over-expression of cir-
cRNF169 and circSTRN3 effectively promoted
GMCs proliferation compared to GMCs without
any treatment (Figure 9C). Furthermore, the
immunofluorescence analysis revealed that
a-SMA and vimentin expression were downreg-
ulated in GMCs treated with circRNF169 and
circSTRN3 over-expressing plasmids (Figure
9D). In addition, we used transwell chambers to
assess the in vitro migration potential of GMCs
with different treatments. The results indicated
that over-expression of circRNF169 and circ-
STRN3 effectively promoted cell migration
(Figure 9E). In summary, circRNF169 and circ-
STRN3 were closely associated with the func-
tion of GMCs.

Discussion

The interaction between GECs and GMCs has
long been considered to be closely related to
the pathogenesis of DN. However, the detailed
molecular mechanism of this relationship has
not been fully demonstrated. Wu et al. studied
the potential role of exosomes in DN. The
results indicated that high glucose-treated
GECs secreted more exosomes than those
exposed to NG levels. TGF-B1 mRNA was higher
in high glucose-treated GEC exosomes, which
promoted the proliferation of GMCs through the
TGF-B1/Smds3 signaling pathway. This signal-
ing pathway promoted the expression of a-SMA
protein. Therefore, exosomes can be used as a
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new target for the prevention and treatment of
DN [20]. Meanwhile, a previous study suggest-
ed that excessive expression of exogenous
mMiRNA-145 in DN cells may be associated with
increased expression of TGF-B [21]. Further-
more, Jiang et al. found that exosomes secret-
ed by human urinary stem cells (USCs-Exo)
reduced proteinuria, apoptosis in podocytes,
and increased renal size in DN rats. The evi-
dence mentioned above demonstrated that
exosomes were released from specific mem-
brane regions. Exosomes selectively carry cell
proteins, mRNA, miRNA, DNA, and other cellu-
lar components [22]. Therefore, exosomes are
the important messengers of cell communica-
tion. In contrast, there is little evidence related
to exosomal circRNAs in DN. In this study, we
demonstrated the DECs in exosomes from
HG-treated GECs and NG-treated GECs. The
HG-treated GECs produced a significantly high-
er number of exosomes compared to the
NG-treated GECs. The functions of these DECs
were closely related to the PIBK/AKT and MAPK
signaling pathways. Meanwhile, exosomes ex-
tracted from HG-treated GECs affected the cell
proliferation and EMT of GMCs. Functional
studies of two selected DECs revealed that cir-
cRNAs played an important role in the cell pro-
liferation and EMT of GMCs. The results of this
study provide a basis for exosome-mediated
GEC-GMC crosstalk.

Exosomes derived from the kidney play an
important role in the progression, control, and
development of renal tumors in kidney disease.
Zhang et al. found that renal tubule cells se-
creted exosomes under hypoxic conditions.
Hypoxia-inducible factor (HIF-1)-related exo-
somes were shown to have protective effects
on renal tubular cells [23]. Meanwhile, Zhou et
al. suggested that renal proximal tubular epi-
thelial exocytosis plays an antagonistic role in
epithelial cell wound healing. Activation of epi-
dermal growth factor and its receptor (EGFR)
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promoted wound healing and reduced exocrine
release. Meanwhile, Gildea et al. found that
renal tubular epithelial cells produced more
exosomes after stimulation by fenoldopam.
These exosomes were transferred to the distal
tubules and collecting ducts, reducing the yield
of reactive oxygen species in the recipient cells
[24]. In this study, we showed that the HG con-
ditions induced GECs to release a higher num-
ber of exosomes And that circRNAs were
released along with the exosomes in the com-
munication between GECs and GMCs. Never-
theless, due to the complexity of the biomate-
rial in exosomes, we still cannot exclude other
HG-driven proteins, mMRNAs, or microRNAs in
the exosomes which could potentially play a
role in intercellular communication.

A previous study suggested that exosomes can
be incorporated by target cells [25]. In our
study, we identified that PKH67-labeled GECs
exosomes were internalized by GMCs. There-
fore, circRNAs were delivered from HG-treated
GECs to the neighboring GMCs by exosomes,
leading to the elevated expression of circRNAs
in GMCs. In our study, we demonstrated that
circRNAs containing exosomes were able to
change the phenotype of GMCs, which has
been identified in DN [26]. But when selected
circRNAs were knocked down and over-ex-
pressed in GMCs, obvious cell function chang-
es occurred, which supported the fact that
DECs were functionally important in the inter-
cellular communication of GMCs.

In conclusion, circRNAs were transferred from
GECs to GMCs by means of exosomes. cir-
cRNAs carried by exosomes from HG-treated
GECs activated GMCs to promote renal fibrosis.
Our findings provide new insights into the path-
ological mechanism of DN.
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