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Introduction: Circular RNA (circRNAs) are a type of non-coding RNA (ncRNAs) with a wealth of functions. Recently, circRNAs
have been identified as important regulators of diabetic kidney disease (DKD), owing to their stability and enrichment in exosomes.
However, the role of circRNAs in exosomes of tubular epithelial cells in DKD development has not been fully elucidated.
Methods: In our study, microarray technology was used to analyze circRNA expression in cell supernatant exosomes isolated from
HK-2 cells with or without high glucose (HG) treatment. The small interfering RNAs (siRNA) and plasmid overexpression were used
to validate functions of differentially expressed circRNAs.

Results: We found that exosome concentration was higher in HG-stimulated HK-2 cells than in controls. A total of 235 circRNAs
were significantly increased and 458 circRNAs were significantly decreased in the exosomes of the HG group. In parallel with the
microarray data, the qPCR results showed that the expression of circ_0009885, circ_0043753, and circ_ 0011760 increased, and the
expression of circ_0032872, circ_0004716, and circ_0009445 decreased in the HG group. Rescue experiments showed that the effects
of high glucose on regulation of CCL2, IL6, fibronetin, n cadherin, e cadherin and epcam expression can be reversed by inhibiting or
overexpressing these circRNAs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) biological pathway
analyses indicated that circRNA parental genes are associated with glucose metabolism, lipid metabolism, and inflammatory processes,
which are important in DKD development. Further analysis of circRNA/miRNA interactions indicated that 152 differentially
expressed circRNAs with fold change (FC) >1.5 could be paired with 43 differentially expressed miRNAs, which are associated
with diabetes or DKD.

Discussion: Our results indicate that exosomal circRNAs may be promising diagnostic and therapeutic biomarkers, and may play
a critical role in the progression of DKD.
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Introduction

Diabetic kidney disease (DKD) is the most frequent microvascular complication leading to end-stage renal disease
(ESRD) worldwide.! Over the years, the incidence of DKD has increased rapidly, resulting in a global economic and
medical burden. Renal interstitial fibrosis, a predominant pathological feature of DKD, is characterized by epithelial
mesenchymal transformation (EMT), accumulation of extracellular matrix (ECM), and an inflammatory response.”
Increasing evidence indicates that interstitial lesions may be mediated through tubular epithelial cell activation and that
high glucose levels are an important stimulant of renal interstitial fibrosis.°® However, the mechanisms underlying the
tubulointerstitial damage induced by high glucose levels have not been fully elucidated. Therefore, additional potential

biomarkers are required for the diagnosis of DKD.
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Exosomes are small extracellular vesicles with diameters ranging between 40 and 160 nm and consist of complex
molecular cargos, such as proteins, lipids, DNA, mRNA, and ncRNAs (miRNA, IncRNA, circRNA).g’10 Exosomes
mediate intercellular communication both locally and systemically by regulating cellular biological activities, which are
strongly associated with the occurrence and development of various diseases.''''> Many studies have shown that
exosomes play an important role in regulating DKD occurrence and progression.'*'* Yang et al showed that serum
exosomes extracted from DKD patients may cause dysfunction of human glomerular endothelial cells (HGECs) mainly
by mediating the expression of FIBA and 1-MH."> Studies have indicated that exosomes released by HG-treated GECs
can increase a-SMA expression in glomerular mesangial cells through the TGF-B1/Smad3 signaling pathway, resulting in
renal fibrosis.'® Tubular epithelial cells also secrete exosomes. Exosomal miR-1269b target Fibulin-1 (FBLN1), thereby
inducing EMT in proximal tubular epithelial cells. This suggests that exosomal miR-1269b levels are associated with the
severity of renal damage in patients with type 2 diabetes.'”

Circular RNA (circRNAs) are ncRNAs that form a unique circular closed-loop structure during RNA splicing.'®
Recently, circRNAs have been identified as important regulators of DKD owing to their enrichment and stability in
exosomes.'*?° For instance, Li et al confirmed that circTAOK1 expression was upregulated in exosomes extracted from
GECs stimulated by high glucose. Mechanistically, exosomal circTAOK1 extracted from GECs can regulate SMAD3
expression by sponging miR-520h to promote the proliferation, fibrosis, and EMT of GMCs.?' Dong et al showed that
circNUP98 expression was higher in exosomes isolated from DKD patients. Functionally, circNUP98 knockdown
alleviated inflammatory reaction and fibrosis of HMCs treated with high glucose by mediating the miR-151-3p/
HMGA?2 pathway.”? Furthermore, the diagnostic value of exosomal circNUP98 in DKD was evaluated using ROC
curve analysis, with an area under the curve of 0.9146.%* Zhu et al showed that the expression of exosomal circ_0001846
is increased in patients with osteoarthritis.”®> In addition, a recent study found that circ DLGAP4 expression was
increased in exosomes isolated from HG-treated mesangial cells, patients with DKD, and DKD rat models.**
Exosomal circ DLGAP4 promotes an inflammatory response by activating NF-kB signaling, suggesting that deletion
of circ. DLGAP4 followed by inhibition of NF-kB signaling may serve as a new therapeutic target for DKD.** These
results suggest that circRNAs may serve as potential diagnostic and therapeutic biomarkers of DKD.

However, current studies exploring the role of exosomal circRNAs in tubular epithelial cells during DKD develop-
ment remains unclear. In our study, we used microarray technology to analyze circRNA expression in cell supernatant
exosomes isolated from HK-2 cells with or without high glucose (HG) treatment to explore the underlying molecular
mechanisms of exosomal circRNAs in DKD development. Our study provides new insights into the role of exosomal

circRNAs as potential molecular markers for DKD diagnosis.

Materials and Methods

Cell Culture

The human proximal tubular epithelial cell line (HK-2 cells) were purchased from BeNa Culture Collection (Beijing,
China). HK-2 cells were cultured in RPMI 1640 medium (Gibco, USA) supplemented with 10% exosome depleted FBS
(VivaCell Biosciences) under standard culture conditions (5% CO2, 37°C). In our experiment, ImL deionized water was
used to dissolve 0.18g glucose powder to get 1M glucose solution. And then we add 60uL. 1M glucose into 2mL culture
medium to make 30mM high glucose condition. The cells were stimulated with 30mM glucose (HG group) or 5.5mM
glucose (NG group) for 30h at 37°C. Three duplicates were performed for each group.

Transfection with Small Interfering RNA

The small interfering RNAs (siRNAs) against circ_0009885, circ_ 0011760, circ 0043753 and an irrelevant 21-
nucleotide siRNA, as a negative control, were purchased from Sangon Biotech (Shanghai, China). HK-2 cells were
transfected using Lipofectamine 3000 transfection reagent (Invitrogen) for 48h according to the manufacturer’s instruc-
tions. After 48h of transfection, real-time RT-PCR performed.
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Transfection with Overexpression Plasmid

The plasmid to make circ_0032872, circ_0004716 overexpression were purchased from Geneseed Biotech (Guangzhou,
China). HK-2 cells were transfected using Lipofectamine 3000 transfection reagent (Invitrogen) for 48h according to the
manufacturer’s instructions. After 48h of transfection, real-time RT-PCR performed.

Exosome Extraction

To exclude cell components, the cell supernatants of the two groups were centrifuged at 300 x g for 10 min. The supernatant
was centrifuged at 2000 x g for 10 min and 10,000 x g for 30 min. The supernatant was ultracentrifuged using a PSOAT?2 rotor
(CP80WX; Himac, Tokyo, Japan) at 100,000 % g for 70 min to pellet exosomes. To exclude contaminating proteins, the pellet
was washed with PBS and centrifuged at 100,000 g for 70 min. Finally, the exosomes were resuspended in 200uL of PBS. All
centrifugation steps were performed at 4 °C.

Transmission Electron Microscopy (TEM)

A 15 pL solution of exosomes was placed in the copper mesh for one min and stained with 2% uranyl acetate solution.
The sample was then dried for 10 min under an incandescent light. Finally, TEM (Tecnai G2 Spititi, FEI, USA) was used
to observe and photograph the Cu mesh.

Nanoparticle Tracking Analysis (NTA)

Exosomes were diluted with PBS and analyzed using a ZetaViewParticle Metrix instrument, according to the manu-
facturer’s standard protocols. The particle trajectory was recorded, and the diameter distribution of each sample was
computed using the software. The original concentration of exosomes was calculated using multiple dilutions.

Western Blot

Exosomal proteins were extracted using radioimmunoprecipitation assay (RIPA) lysis buffer and separated by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Antibodies against CD9 (Abcam, USA) and TSG101
(Abcam, USA) were used to detect the presence of exosomes. Chemiluminescence was used to visualize the protein
bands using an ECL detection kit (Share-bio).

Exosomal RNA Extraction and Microarray Analysis

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total exosomal RNA. The extracted RNA was
quantified using a NanoDrop ND-2000 (Thermo Scientific) and RNA integrity was detected using an Agilent Bioanalyzer
2100 (Agilent Technologies). Then 250ng of total RNA was amplified. cRNA was labeled with Cyanine-3 (Cy3) and
purified using the RNeasy Mini Kit (QIAGEN, Germany). Microarray hybridization was performed according to the
manufacturer s protocol. After 17 h of hybridization at 65 °C in a rotating Agilent hybridization oven, slides were washed
and scanned an Agilent scanner G5761A. Feature Extraction software 12.0 version (Agilent Technologies, USA) was
used to extract data. Genespring software 14.8 version (Agilent technologies, USA) was used to normalize raw data. All
data were uploaded to the NCBI Gene Expression Omnibus database (accession number GSE207495; https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE207495).

Differential expression between the two groups was evaluated using the fold change (FC). The difference in circRNA
expression was considered statistically significant according to the filter criteria of FC > 1.5 and p value < 0.05. A t-test
was used to assess the statistical significance of the differences.

Quantitative Real-Time PCR (qRT-PCR)
All the primers were synthesized by Sangon Biotech (Shanghai, China). The primer sequences are listed in Supplemental

Table S2. After determining the best annealing temperatures, RT-qPCR with SYBR Green detection chemistry to measure the
relative circRNA expression was performed on an ABI7500 Fast Real Time PCR system (Applied Biosystems, USA). U6
served as an internal control and the relative expression level of each circRNA was calculated using the 2-Ct method.
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Cell Migration Assays

Cell migration assays were performed with transwell chambers (pore size: 8 um, 24-well; BD Biosciences) following the
manufacturer’s protocol. For cell migration assays, cells were detached and washed with PBS, resuspended in serum-free
medium, and 200 pL of cell suspensions (a total of 4x10* cells) was added to the upper chamber. Medium with 20% FBS
was added to the bottom wells of the chambers. The cells that had not migrated were removed from the upper face of the
filters using cotton swabs, and the cells that had migrated to the lower face of the filters were fixed with fixed with
methanol, stained with crystal violet solution, photographed under microscope. The mean of triplicate assays for each
experimental condition was used.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Analysis

GO analysis was performed based on the parental genes of differentially expressed circRNAs. The number distribution of
differential genes in GO terms was analyzed based on molecular functions, cellular components, and biological
processes. KEGG (http://www.genome.jp/kegg) was used to analyze the molecular pathways enriched by differentially

expressed genes.

circRNA/miRNA Network Analysis

TargetScan and miRanda algorithms were used to predict interactions between differentially expressed circRNAs and
miRNAs. We searched for miRNA response elements (MREs) in circRNAs and selected miRNAs that matched the
MREs. The pair of interaction relations was selected using the criteria of a context score > 90 in TargetScan and
a maximum energy < —20 in the miRanda algorithm.

Statistical Analysis
Statistical analyses were performed the SPSS 18.0. All data are expressed as mean + SD. The Student’s #-test was used to

evaluate the differences between the two groups. Statistical significance was determined when p values were less
than 0.05.

Results
HG-Treated HK-2 Cells Secrete a Higher Number of Exosomes

To explore the effect of high glucose on exosome release, HK-2 cells were treated with or without high glucose. First, we
identified exosomes by TEM, which revealed the presence of vesicles with a lipid bilayer structure and correct size
(Figure 1A). In addition, we detected the protein levels of exosomal markers CD9 and TSG101. As expected, CD9 and
TSG101 were detected in the exosomes (Figure 1B). Finally, we analyzed the particle size and concentration of exosomes
in the HK-2 cell culture medium using NTA. The results revealed the average particle size of two groups were 130.6 nm
and 129.5 nm, respectively (Figure 1C). The concentration of exosomes was increased in the HG group (P<0.05)
(Figure 1D). These results indicate that relatively high-quality exosomes were extracted using the ultracentrifugation
method, and that high glucose levels promoted exosome secretion in HK-2 cells.

Overview of circRNA Expression Profiles

In this research, 36,500 circRNAs known in circBase and 48 circRNAs from reported papers were detected by
microarray analysis. As shown in Figure 2A, circRNA expression in the culture medium was different between the
HG and NG group (Figure 2A). In total, 693 circRNAs were screened as differentially expressed circRNAs by FC >1.5
and p value <0.05. Of these, 235 circRNAs were upregulated and 458 circRNAs were downregulated in the HG group
(Figure 2B). The differentially expressed circRNAs are shown in a scatter plot (Figure 2C), and the significantly
differentially expressed circRNAs are displayed in a volcano plot (Figure 2D). In addition, all circRNAs and differen-
tially expressed circRNAs were distributed across almost all chromosomes (Figure 3A and B). The top 20 upregulated
and downregulated circRNAs are shown in Table 1.
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Figure | The identification of exosomes. HK-2 cells were cultured under normal glucose (NG) and high glucose conditions (HG; 30mmol/L glucose) for 30h respectively.
(A) Representative TEM image of exosomes derived from the culture supernatant of HG group and control group. (B) Exosomal markers CD9 and TSG101 were detected
by Western blot. (C) The particle size of the exosomes (nm) enriched from the culture supernatant of two groups was examined through NTA using a ZetaView_Particle
Metrix instrument. (D) The concentration of exosomes from the culture supernatant of two groups. *P<0.05 vs the control group.

Validation of Differentially Expressed circRNA by qPCR

Based on the relatively high abundance (FC > 2, P<0.05) and their host genes, we selected 10 candidate circRNAs to
validate their expression in exosomes from HK-2 cell culture medium of the HG group and NG group, including five up-
regulated circRNAs (circ_0009885, circ_0066651, circ 0043753, circ_0041881, and circ_0011760) and five down-
regulated circRNAs (circ_0032872, circ_0061803, circ_0004716, circ_0009445, and circ_0075792). In parallel with
the microarray data, the qPCR results showed that the expression of circ_0009885, circ_0043753, and circ_0011760
increased, and the expression of circ_0032872, circ_0004716, and circ_0009445 decreased in the HG group (Figure 4).

These Differentially Expressed circRNAs Regulate Inflammation and EMT in HK-2
Cells

Many studies have shown that inflammation and epithelial-mesenchymal transition (EMT) play a key role in the
development of DKD. Thus, we explored the effects of these differentially expressed circRNAs on regulation of
inflammatory factor and EMT related molecule, including CCL2, IL6, fibronetin, n cadherin, ¢ cadherin and epcam.
For up-regulated circRNAs, including circ_0009885, circ 0043753 and circ_0011760, we used siRNA (si-0009885, si-
0043753 and si-0011760 respectively) to validate their functions. For down-regulated circRNAs, including circ 0032872
and circ_0004716 we used plasmid overexpression (pLC5-ciR0032872 and pLC5-ciR0004716) to validate their func-
tions. The plasmid of circ 0009445 was not successfully constructed because its spliced length was too long. The
interference effect and overexpression effect of circRNAs have showen in Figure 5.

We found high glucose increase expression of CCL2, IL6, fibronetin, n cadherin and decrease expression of
e cadherin, epcam (Figures 6A and 7A). After si-0009885 treatment, the up-regulation of CCL2, IL6 and fibronetin
expression by high glucose were markedly reversed. After si-0011760 treatment, the up-regulation of IL6 and fibronetin
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Figure 2 CircRNA expression profiling in culture supernatant exosomes from HG group compared with controls. (A) Clustered heat map analysis of differentially
expressed circRNAs. (B) The differentially expressed circRNAs between two groups. (C) Scatter plots of circRNAs signal values. (D) Volcano plots visualizing the
differentially expressed circRNAs.
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Figure 3 Chromosomal distribution of circRNAs in exosomes. (A) Chromosomal distribution of all circRNAs. (B) Chromosomal distribution of differentially expressed
circRNAs.

expression by high glucose were markedly reversed. After si-0043753 treatment, the down-regulation of epcam expres-
sion by high glucose were markedly reversed (Figure 6B—D). After pCL5-0032872 treatment, the up-regulation of IL6
expression by high glucose were markedly reversed. After pCL5-0004716 treatment, the up-regulation of CCL2 and
n cadherin expression by high glucose were markedly reversed (Figure 7B-D).
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Table 1 The Top 20 Up-Regulated and Down-Regulated circRNAs Between HG Group and Control Group

circRNA_ID | Chr Host Normalized Sinal (Log2) Fold P Regulation
Gene
High High High Control Control Control | Change
| 2 3 | 2 3

circ_0090821 X FGDI 5.23 4.88 5.32 3.73 3.03 1.06 5.80 0.0352 Up
circ_0009885 | PLODI 5.96 4.89 5.97 343 292 4.13 432 0.0135 Up
circ_0066651 3 TOMM70A 431 5.00 4.89 3.39 2.00 261 420 0.0105 Up
circ_0046927 18 PIEZO2 4.65 428 3.56 1.58 248 2.28 4.14 0.0083 Up
circ_0071442 4 AADAT 521 4.6l 4.99 2.03 2.64 4.07 4.08 0.0323 Up
circ_0043753 17 NKIRAS2 4.6l 4.30 441 2.34 2.52 2.59 3.89 0.0001 Up
circ_0005707 9 RICI 5.55 4.74 4.94 2.64 3.04 3.8l 3.77 0.0107 Up
circ_0090934 X YIPF6 7.36 6.13 7.51 432 5.17 5.82 3.72 0.0369 Up
circ_0051253 19 RABACI 4.09 3.74 4.20 28l 241 1.18 3.68 0.0212 Up
circ_0041881 17 POLR2A 6.12 4.79 5.45 3.23 3.98 3.60 3.6l 0.0136 Up
circ_0000985 2 ZNF512 5.94 4.94 5.54 3.17 3.85 391 3.57 0.0082 Up
circ_0058317 2 TTLL4 4.99 4.11 4.62 2.37 2.60 3.40 3.44 0.0115 Up
circ_0076133 6 FANCE 6.45 6.07 6.03 392 420 5.16 3.38 0.0117 Up
circ_0011760 | FHL3 5.36 5.72 5.66 4.14 391 341 3.38 0.0019 Up
circ_0032267 14 ATP6VID 5.66 428 5.37 2.67 341 3.99 3.36 0.0373 Up
circ_0033341 14 DYNCIHI 5.88 4.93 5.99 3.69 3.19 481 3.24 0.0440 Up
circ_0069157 4 SH3TCI 5.42 5.64 5.86 4.36 3.98 3.49 3.24 0.0038 Up
circ_0023784 ] ALGS8 6.37 6.61 6.63 5.63 4.84 4.07 3.23 0.0208 Up
circ_0063357 22 GTPBPI 7.62 6.40 7.51 4.84 5.42 6.29 3.16 0.0441 Up
circ_0087707 9 TRIMI4 6.47 5.98 593 4.10 4.44 4.93 3.1 0.0052 Up
circ_0071876 5 DNAH5 1.09 1.04 1.64 3.86 333 5.22 7.14 0.0084 Down
circ_0078285 6 MTHFDIL 0.97 1.12 2.20 3.18 313 4.07 4.17 0.0146 Down
circ_0032872 14 EML5 3.65 332 3.83 6.19 6.10 4.57 4.00 0.0211 Down
circ_0062231 22 CLTCLI 2.60 371 2.80 4.74 5.50 4.36 3.57 0.0188 Down
circ_0061803 21 PRDMI5 2.44 2.67 2.48 4.32 4.47 4.19 345 0.0001 Down
circ_0019355 10 MMSI9 7.86 7.53 7.55 9.88 9.84 8.29 3.23 0.0339 Down
circ_0075829 6 CASCI5 5.57 5.49 5.21 6.86 6.43 8.0l 3.23 0.0256 Down
circ_0004716 17 WIPII 1.60 1.88 2.80 3.80 3.20 4.13 3.03 0.0233 Down
circ_0058888 2 ASBI 2.59 2.01 3.10 4.35 4.04 4.13 3.03 0.0081 Down
circ_0009445 | NPHP4 2.82 2.93 1.82 3.73 3.79 474 2.94 0.0316 Down
circ_0053467 2 BIRCé6 2.45 2.70 2.85 3.70 3.94 5.00 2.94 0.0205 Down
circ_0085822 8 LY6E 425 3.8l 3.76 5.99 5.60 4.55 2.70 0.0345 Down
circ_0011598 | AGO4 2.59 2.17 349 3.87 4.30 4.40 2.70 0.0272 Down
circ_0071734 5 MRPL36 3.29 2.59 297 4.79 4.00 4.29 2.63 0.0101 Down
circ_0054539 2 PSME4 2.80 2.94 323 453 4.69 3.94 2.63 0.0060 Down
circ_0075792 6 KDMIB 3.32 327 3.20 4.88 4.89 4.12 2.56 0.0331 Down
circ_0079713 7 GARS 4.04 3.13 3.55 5.32 5.28 420 2.56 0.0394 Down
circ_0037775 16 NAGPA 2.82 2.30 349 4.08 3.98 4.52 2.50 0.0257 Down
circ_0046899 18 RAB3I 3.73 4.47 4.38 5.87 5.73 4.94 2.50 0.0240 Down
circ_0030181 13 COG3 2.72 3.0l 2.07 3.64 4.13 3.98 2.50 0.0138 Down

Upregulation of fibronetin, n cadherin and downregulation of e cadherin and epcam are related to EMT occurring.
Cell migration is also correlated with EMT occurring. Transwell chamber assays showed that high glucose promote
migration in HK-2 cells compared with normal glucose (NG group). Suppression of circ-0043757 resulted in signifi-
cantly diminished migratory potential (Figure 8).
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Figure 4 Validation of differentially expressed circRNA by qPCR. 10 candidate circRNAs were selected to validate their expression in the exosome from HK-2 cells culture
medium of HG group and NG group. *P<0.05.
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Figure 5 The siRNA interference effect and plasmid overexpression effect of circRNAs. (A) HK-2 cells treated with high glucose were transfected with negative control or
circ_0009885 siRNA. And then circ_0009885 expression was measured by PCR. (B) HK-2 cells treated with high glucose were transfected with negative control or
circ_0011760 siRNA. And then circ_0011760 expression was measured by PCR. (C) HK-2 cells treated with high glucose were transfected with negative control or
circ_0043753 siRNA. And then circ_0043753 expression was measured by PCR. (D) HK-2 cells treated with high glucose were transfected with pCL5-0032872. And then
circ_0032872 expression was measured by PCR. (E) HK-2 cells treated with high glucose were transfected with pCL5-0004716. And then circ_0004716 expression was
measured by PCR. All results are presented as the mean + SD of three independent experiments, each performed in triplicate. *P<0.05 vs the control group.
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Figure 6 The effects of upregulated circRNAs on regulation of inflammatory factor and EMT related molecule. (A) HK-2 cells were cultured under normal glucose (NG)
and high glucose conditions (HG; 30mmol/L glucose) for 48h respectively. And then CCL2, IL6, fibronetin, n cadherin, e cadherin and epcam expression was measured by
PCR. (B) HK-2 cells were transfected with negative control or circ_0009885 siRNA. And then CCL2, IL6, fibronetin, n cadherin, e cadherin and epcam expression was
measured by PCR. (C) HK-2 cells were transfected with negative control or circ_0011760 siRNA. And then CCL2, IL6, fibronetin, n cadherin, e cadherin and epcam
expression was measured by PCR. (D) HK-2 cells were transfected with negative control or circ_0043753 siRNA. And then CCL2, IL6, fibronetin, n cadherin, e cadherin
and epcam expression was measured by PCR. *P<0.05 vs the control group.
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Figure 7 The effects of downregulated circRNAs on regulation of inflammatory factor and EMT related molecule. (A) HK-2 cells were cultured under normal glucose (NG) and
high glucose conditions (HG; 30mmol/L glucose) for 48h respectively. And then CCL2, IL6, fibronetin, n cadherin, e cadherin and epcam expression was measured by PCR. (B) HK-
2 cells were transfected with pCL5-0032872. And then CCL2, IL6, fibronetin, n cadherin, e cadherin and epcam expression was measured by PCR. (C) HK-2 cells were transfected
with pCL5-0004716. And then CCL2, IL6, fibronetin, n cadherin, e cadherin and epcam expression was measured by PCR. *P<0.05 vs the control group.
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Figure 8 The effects of circRNAs on cell migration in HK-2 cells. (A) HK-2 cells were cultured under normal glucose (NG) and then cell migration assays were performed
with transwell chambers. (B) HK-2 cells were cultured under high glucose (HG) and then cell migration assays were performed with transwell chambers. (C) HK-2 cells
treated with high glucose (HG) were transfected with circ_0009885 siRNA and then cell migration assays were performed with transwell chambers. (D) HK-2 cells treated
with high glucose (HG) were transfected with circ_0011760siRNA and then cell migration assays were performed with transwell chambers. (E) HK-2 cells treated with high
glucose (HG) were transfected with circ_0043757 siRNA and then cell migration assays were performed with transwell chambers.

GO and KEGG Pathway Analysis

The number distribution of differential genes in GO terms was analyzed based on molecular function, cellular
component, and biological process (Figure 9). The term with the most genes of molecular function was protein binding
(GO:0005515, count=3410), and the most significantly enriched term was wide pore channel activity (GO:0022829,
P =3.74E-3). The term with the most genes of cellular component was nucleus (GO:0005634, count =2522), and the most
significant enriched term was MutLalpha complex (GO:0032389, P =3.74E-3). The term with the most genes of
biological process was transcription, DNA-dependent (GO:0006351, count =887), and the most significant enriched
term was retinoid metabolic process (GO:0001523, P = 1.32E-4) (Figure 10).

Similarly, of the top 20 enriched pathways in KEGG pathway analysis, starch and sucrose metabolism (ko00500),
fructose and mannose metabolism (ko00051), galactose metabolism (ko00052), type 1 diabetes (ko04940), and type 2
diabetes (ko04930), which are associated with glycometabolism, play key roles in the development of diabetes and DKD
(Figure 11).

Prediction of circRNA/microRNA Interaction
The “competing endogenous RNA” hypothesis suggests that circRNAs interact with MRE to mediate target gene
expression. Some circRNAs can function as miRNA sponges to affect mRNA stability or translation® and participate
in the development of tumors, diabetes, and cardiovascular disease. 2628

To study the interactions between circRNAs and miRNAs, miRNA sequencing was performed on exosomes from the two
groups. TargetScan and miRanda algorithms were used to predict interactions between differentially expressed circRNAs and
miRNAs. We found that 152 differentially expressed circRNAs with FC>1.5 could be paired with 43 differentially expressed

miRNAs with the criteria of a context score > 90 and a maximum energy < —20 (Supplemental Table S1).

Discussion

Diabetic kidney disease (DKD) is a severe microvascular complication of diabetes.?’ !

Microalbuminuria is
a conventional predictor of DKD. However, the microalbumin content in the urine does not change immediately during
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Figure 9 The number distribution of differential genes on GO term. The number distribution of differential genes on Gene Ontology (GO) term was analyzed from
biological process, cellular component and molecular function by GO enrichment analysis.

the early stages of DKD. The sensitivity of microalbumin for early diagnosis of DKD is low. Recent studies have shown
that glomerular injury markers SMADI and Podocalyxin are strongly associated with the severity of mesangial matrix
expansion. The tubular injury markers Netrin-1, L-FABP, and NGAL are significantly higher in patients with diabetes
than in controls.>* In addition, many miRNAs and IncRNAs have been considered as biomarkers for the early diagnosis
and treatment of DKD.'*** Nevertheless, it is important to identify more specific and sensitive molecular markers for
DKD diagnosis.

Thus, exosomal circRNAs may serve as novel candidate biomarkers for the early diagnosis of DKD. In this study, we
constructed circRNA differential expression profiles in HG-stimulated HK-2 cells to examine the correlation between
exosomal circRNAs and high glucose conditions. The results showed that the exosome concentration was higher in the
culture medium of HG-induced HK-2 cells. More than 36,000 circRNAs in exosomes extracted from the culture medium
of the HG group were evaluated, including 693 differentially expressed circRNAs in the HG group compared with the
NG group. Based on their relatively high abundance (FC > 2, P<0.05) and their host genes, 10 candidate circRNAs were
selected to validate their expression in the exosomes from the HK-2 cell culture medium of the HG group and NG group.
In parallel with the microarray data, the qPCR results showed that the expression of circ 0009885, circ 0043753, and
circ_0011760 increased, and the expression of circ_0032872, circ_0004716, and circ_0009445 decreased in the HG
group. For example, PLODI, the host gene of circ_0009885, plays an important role in diabetic wound healing.>* EML5
and FHL3, the host genes of circ_ 0011760 and circ_0032872, respectively, were the most prominently regulated genes in
a mouse model of diabetes induced by streptozotocin.®” In addition, many studies have shown that inflammation and
EMT play a key role in the development of DKD. Our study found that circ 0009885 can reverse the up-regulation of
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Figure 10 Identification the biological role of exosomal circRNAs by GO analysis. GO analysis of the parental genes was performed based on three terms, including
biological processes, cellular components and molecular functions. The top 20 terms with p-value under 0.05 were presented.
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Figure 11 Identification the biological role of exosomal circRNAs by KEGG analysis. The related biological pathways were analyzed by Kyoto Encyclopedia of Genes and
Genomes (KEGG). The top 20 terms were presented.
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CCL2, IL6 and fibronetin expression by high glucose. Circ_0011760 reversed the up-regulation of IL6 and fibronetin
expression by high glucose. And circ_0043753 reversed the down-regulation of epcam expression by high glucose. These
results indicated that circRNAs may play an important role in the occurrence and progression of diabetes and DKD
through regulating inflammation and EMT.

The process of DKD is complex and involves multiple pathogeneses such as oxidative stress, inflammation, fibrosis,
endothelial dysfunction, hyperglycemia, and dyslipidemia. In addition, signal transduction pathways are also heavily involved
and these include NF-kB activation,>® protein kinase C (PKC),”” extracellular signal-regulated kinase (ERK1/2),>® p38
mitogen-activated protein kinases®® and signal transducer and activator of transcription (STAT)* and so on. GO and
KEGG pathway analyses were used to predict the biological functions and potential pathways of differentially expressed
circRNAs. GO analysis suggested that exosomal circRNAs are related to lipoprotein metabolic processes, inflammatory cell
apoptotic processes, and hexokinase activity, which play important roles in DKD pathogenesis. Recent evidence indicates that
lipid accumulation in the kidneys can aggravate DKD progression, including albuminuria, mesangial matrix expansion, and
tubulointerstitial lesions.*'** Abnormal lipid metabolism contributes to DKD progression by promoting tubulointerstitial
fibrosis and inflammation.**** High glucose promotes apoptosis and inhibits autophagy in renal tubular epithelial cells by
increasing cell death-inducing DFF45-like effector C expression. The inhibition of apoptosis may delay DKD.* In addition,
the therapeutic effects of zinc supplementation in DKD were regulated by increasing hexokinase II expression and preserving
glucose metabolism-related pathways.*® KEGG pathway analysis revealed that the differentially expressed exosomal
circRNAs were related to pathways such as starch and sucrose metabolism, type I diabetes mellitus, type II diabetes mellitus,
galactose metabolism, and fructose and mannose metabolism. Among these enriched pathways, long-term hyperglycemia in
diabetes mellitus is the primary contributor to DKD development.

Recent studies have shown that circRNAs can serve as ceRNAs that sponge miRNAs and subsequently increase mRNA
transcription, thereby regulating gene expression. For instance, exosomal circ DLGAP4 induces proliferation and fibrosis in
HG-treated mesangial cells (MCs) by sponging miR-143, ultimately promoting DKD progression.24 In addition, circNUP98
knockdown inhibited the inflammatory reaction and fibrosis of HMCs induced by high glucose levels by mediating the miR-
151-3p/HMGA2 pathway.** In our study, in order to study the interaction between circRNAs and miRNAs, miRNAs
sequencing was performed in exosomes of two groups. Differentially expressed circRNAs (FC>1.5 were selected to analyze
the interaction with miRNAs expressed in HK-2 cells. Some differentially expressed circRNAs, combined with one or more
miRNA-binding sites, are associated with diabetes or DKD. For example, hsa-miR-15a-5p expression is decreased in the
plasma of patients with moderate and severe diabetic renal disease.*” Moreover, hsa-miR-497-5p relieved fibrosis and
inflammation in HG-treated HK-2 cells by inhibiting CCL19 expression.*® Our results showed that miR-15a-5p and miR-
497-5p matched circ_0012339, indicating that exosomal circ_0012339 may play a role in DKD development. Therefore, we
speculated that circRNAs participate in DKD progression through regulating miRNA target genes. However, further
investigation of the detailed mechanism of circRNA-miRNA-mRNA interactions is needed.

The findings of this study indicate a significant difference in exosomal circRNA expression between high glucose-
stimulated HK-2 cells and the control group. Comprehensive network analysis indicated that certain circRNAs and
miRNAs may play critical roles in DKD pathogenesis. These data offer novel insights into DKD pathogenesis and could
be a promising strategy for elucidating the molecular mechanisms of DKD.
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