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Renal tubulointerstitial fibrosis (TIF) is considered as the final convergent pathway of diabetic nephropathy (DN) without effective
therapies currently. MiRNAs play a key role in fibrotic diseases and become promising therapeutic targets for kidney diseases, while
miRNA clusters, formed by the cluster arrangement of miRNAs on chromosomes, can regulate diverse biological functions alone or
synergistically. In this study, we developed clustered miR-23a/27a/26a-loaded skeletal muscle satellite cells-derived exosomes
(Exos) engineered with RVG peptide, and investigated their therapeutic efficacy in a murine model of DN. Firstly, we showed that
miR-23a-3p, miR-26a-5p and miR-27a-3p were markedly decreased in serum samples of DN patients using miRNA sequencing.
Meanwhile, we confirmed that miR-23a-3p, miR-26a-5p and miR-27a-3p were primarily located in proximal renal tubules and highly
negatively correlated with TIF in db/db mice at 20 weeks of age. We then engineered RVG-miR-23a/27a/26a cluster loaded Exos
derived from muscle satellite cells, which not only enhanced the stability of miR-23a/27a/26a cluster, but also efficiently delivered
more miR-23a/27a/26a cluster homing to the injured kidney. More importantly, administration of RVG-miR-23a/27a/26a-Exos
(100 pg, i.v., once a week for 8 weeks) significantly ameliorated tubular injury and TIF in db/db mice at 20 weeks of age. We revealed
that miR-23a/27a/26a-Exos enhanced antifibrotic effects by repressing miRNA cluster-targeting Lpp simultaneously, as well as miR-
27a-3p-targeting Zbtb20 and miR-26a-5p-targeting KIhl42, respectively. Knockdown of Lpp by injection of AAV-Lpp-RNAi effectively
ameliorated the progression of TIF in DN mice. Taken together, we established a novel kidney-targeting Exo-based delivery system
by manipulating the miRNA-23a/27a/26a cluster to ameliorate TIF in DN, thus providing a promising therapeutic strategy for DN.

Keywords: diabetic nephropathy; tubulointerstitial fibrosis; skeletal muscle satellite cell; exosomes; miR-23a/27a/26a cluster; Lpp;

Zbtb20; KIhl42

Acta Pharmacologica Sinica (2023) 44:2455-2468; https://doi.org/10.1038/s41401-023-01140-4

INTRODUCTION

Diabetic nephropathy (DN), a common and severe complication of
diabetes mellitus (DM), has become the leading cause of end-
stage renal disease (ESRD) [1]. Growing evidence indicates that
renal tubulointerstitial fibrosis (TIF) is the best indicator of
deterioration of renal function in DN and is highly positively
correlated with the progression of DN [2, 3]. However, there
remain no definitive therapies for TIF to prevent DN from
progressing to ESRD.

MicroRNAs (miRNAs), a class of evolutionarily conserved and
endogenous noncoding RNAs, play indispensable roles in the
pathophysiology of human diseases at the post-transcriptional
level [4]. Convincing evidence has shown that miRNAs play a key
role in fibrotic diseases and may become promising therapeutic
targets for kidney diseases [5-7]. However, given the poor
therapeutic effect of applying a single miRNA owing to biological

complexity and inefficient delivery in vivo, miRNA clusters, usually
formed by the cluster arrangement of miRNAs on chromosomes,
were proposed to provide therapeutically relevant epigenetic
interference [8]. Functionally, these clustered miRNAs can regulate
diverse biological functions alone or synergistically. Previous
studies have revealed that miRNA clusters have more advantages
than single miRNA [9, 10]. However, the potential therapeutic
effect of miRNA clusters in DN remains unclear. Effective
improvement in miRNA cluster stability and selective targeting
of the kidney are also urgently needed.

Exosomes (Exos), secreted by almost all types of cells, mediate
cell-cell communications, and cell-environment interactions by
transferring a variety of biologically active components [11, 12].
Previous studies have revealed that Exos can stabilize miRNAs and,
due to their endogeneity and heterogeneity, can be used as stable
nanocarriers to deliver drugs and exogenous genes for the
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treatment of various diseases [13-15]. Recently, Kim et al. reported
that the use of Exos as a delivery system for the super-repressor
IkBa could ameliorate ischemia-reperfusion-induced acute kidney
injury [16]. In addition, as a nanotherapeutic vector, Exos can
transport specific miRNAs to injured kidneys to ameliorate renal
fibrosis [17]. Thus, an Exo-based delivery system may be a
promising candidate to manipulate miRNA clusters for the
effective treatment of TIF.

In recent years, increasing evidence has demonstrated that
stem cell Exo-based therapy is an exciting approach for a variety
of human diseases [18, 19] and has the advantages of a strong
targeting ability and low immunogenicity. At present, multiple
stem cell Exo-based therapies have achieved promising results in
animal models of kidney disease [20, 21]. Skeletal muscle satellite
cells, a class of muscle stem cells, show self-renewal in response to
tissue injury [22, 23]. Our previous studies also found that satellite
cell-derived Exos carrying miR-29 could prevent renal fibrosis in
obstructive nephropathy, in which the rabies virus glycoprotein
(RVG) peptide engineered to localize at the surface of Exos
through fused protein Lamp2b (lysosome-associated membrane
glycoprotein 2b) was also employed to home to the injured
kidneys by realizing specific targeting [24]. Thus, we speculated
that satellite cell-derived Exos encapsulating specific miRNA
clusters provide a novel therapeutic strategy for the treatment
of TIF in DN.

Here, we successfully engineered RVG-miR-23a/27a/26a cluster-
loaded Exos derived from muscle satellite cells and investigated
their therapeutic efficacy in a murine model of DN. Interestingly,
we found that RVG-miR-23a/27a/26a-Exos not only enhanced the
stability of the miR-23a/27a/26a cluster but also efficiently
delivered more miR-23a/27a/26a clusters homing to the injured
kidneys. More importantly, treatment with RVG-miR-23a/27a/26a-
Exos significantly ameliorated tubular injury and TIF in mice with
DN. Together, our findings strongly supported the use of satellite
cell-derived Exos as a versatile delivery system for the miR-23a/
27a/26a cluster as an effective strategy for the treatment of
TIF in DN.

MATERIALS AND METHODS

Human serum samples

Human serum samples from patients with DM and DN were
obtained from the Department of Endocrinology, the Second
Affiliated Hospital of Nanjing Medical University. This study was
approved by the Ethics Committee of Nanjing Medical University
[No. (2022)-KY-037-01], and written informed consent was
obtained from all patients. Inclusion criteria: Eligible patients with
DN, had a history of DM and urinary albumin/creatinine ratio
>300mg/g, as well as an estimated glomerular filtration rate
<60 mL-min~" (1.73m?)~" [25]. All information about the human
subjects is summarized in Supplementary Table S1.

Primary skeletal muscle satellite cell culture

All male 4-week-old C57BL/6 mice weighing 15-16g were
purchased from GemPharmatech LLC (Nanjing, China). Primary
skeletal muscle satellite cells were dissociated from limb muscles
of 4-week-old mice and isolated from skeletal muscle tissue using
a Skeletal Muscle Dissociation Kit (130-098-305, MACS, Miltenyi
Biotec, Inc.,, Germany) and a Satellite Cell Isolation Kit (130-104-
267, MACS, Miltenyi Biotec, Inc,, Germany) [24]. Isolated satellite
cells were cultured in expansion medium containing 40%
Dulbecco’s modified Eagle’s medium (DMEM, C119955008BT,
Gibco, CA, USA), 40% Ham’s F10 (318-050-CL, Wisent Corporation,
Canada), 20% fetal bovine serum (FBS, 10099-141, Gibco, CA, USA),
2.5ng/mL human fibroblast growth factor-2 (FGF-2, HY-P7331,
MedChemExpress, NJ, USA) and 100 U/mL penicillin/streptomycin
(15140-122, Gibco, CA, USA) according to the manufacturer’s
protocol. After six days, the cells were cultured in differentiation
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medium without FGF-2 for three days. Satellite cells were stained
with anti-Desmin (AF5334, Affinity Biosciences, MICH, USA) to
identify purification by immunofluorescence. The animal experi-
ment was performed in accordance with the ARRIVE guidelines
and the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and was approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University (No.
2104020).

Preparation and characterization of RVG-miR-23a/27a/26a-Exos
An adenovirus (Ad) carrying the miR-23a/27a/26a cluster (herein-
after referred to as cluster 3) or RVG-Lamp2b was purchased from
Genechem Co., Ltd (Shanghai, China) and transfected into satellite
cells. Briefly, satellite cells were prepared and transfected with Ad-
cluster 3 (1x10% and Ad-RVG-Lamp2b (1 x10° with FBS-free
medium. After 12 h of transfection, the medium was replaced with
complete medium for 48 h. Subsequently, the supernatants were
collected and centrifuged at 2000 x g for 20 min and 13,500 x g for
25 min and then ultracentrifuged at 200,000 x g for 2 h (Optima
L-80 XP, Beckman, CA, USA) at 4°C according to our previous
experiments [15]. Similarly, RVG-miR-26a-Exos, RVG-miR-23a/27a-
Exos and RVG-vector-Exos were produced following the same
method. The Exos pellets were resuspended in sterile phosphate
buffer saline (PBS, C10010500BT, Gibco, CA, USA) and stored at
—80°C. The size and concentration of Exos were detected by
Nanoparticle Tracking Analysis (NTA, ZetaView PMX 110, Particle
Metrix, Meerbusch, Germany). The morphology of Exos was
observed under Transmission Electron Microscope (TEM, Hitachi,
Japan). Exosomal surface markers, including Alix, CD63 and CD81,
were analyzed by Western blot.

Exos distribution in vivo

For analysis of in vivo Exos distribution, DiD-labeled Exos were
produced first. Satellite cells were incubated with DiD (C1039,
Beyotime Biotechnology, Shanghai, China) for 20 min. The final
concentration of DiD was 5 uM. Then, the cells were washed with
PBS twice to remove excess dye. After being cultured with FBS-
free medium for 48 h, the supernatants were collected, and Exos
were isolated according to the procedure described above.
Furthermore, DiD-labeled Exos were injected intravenously into
db/m and db/db mice, and kidneys were excised and imaged using
the IVIS Spectrum imaging system (PerkinElmer, MA, USA).

Animal models and therapeutic experiments

The study protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of Nanjing Medical
University (No. 2104020). Experiments were conducted using 8-
week-old male C57BLKS/J"*P" background db/db mice (43-45 g) as
a type 2 diabetes model and their age-matched heterozygous
male db/m mice as a control purchased from GemPharmatech LLC
(Nanjing, China). The db/db mice developed hyperglycemia from
approximately 8 weeks of age at 9.7 + 1.6 mM, with a progressive
increase in hyperglycemia of more than 286+132mM by
20 weeks of age [26]. Moreover, renal hypertrophy was evaluated
at 20 weeks of age, and renal function was worsened,
accompanied by glomerular enlargement, diffuse expansion of
mesangial matrix and TIF [27]. Thus, db/db mice are an
invaluable tool for the study of human DN. These mice were
randomly divided into several groups according to the experi-
mental protocol and were allowed free access to the same diet
under the same conditions. At 12 weeks of age, db/db mice were
separately intravenously administered PBS, RVG-cluster 3-Exos,
RVG-miR-26a-Exos, RVG-miR-23a/27a-Exos or RVG-vector-Exos by
the tail vein once a week for 8 weeks (n=7 per group and
100 ug Exos). All mice were euthanized by intraperitoneal
injection of barbital sodium (100 mg/kg) at 20 weeks of age.
Blood, 24h urine and renal parenchyma specimens were
collected for further experiments.
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Adeno-associated virus (AAV)-treated mice

For AAV9-mediated lipoma-preferred partner (Lpp) knockdown in
mice, AAV was developed and obtained from Genechem Co., Ltd.
(Shanghai, China). For Lpp knockdown experiments, db/db mice
were randomly divided into two groups: db/db + AAV-Lpp-RNAi
and db/db + AAV-NC (n =5 per group). The db/db mice received a
single injection by tail vein with AAV-Lpp-RNAi or AAV-NC
(1x10"? viral genomes). After 4 weeks, renal function and its
related indicators were measured.

Renal tubular epithelial cells (TECs) culture

Primary mouse TECs were isolated from the kidneys of 8-week-old
male C57BL/6 mice [28]. Briefly, all mice were euthanized by
intraperitoneal injection of barbital sodium (100 mg/kg), and the
kidneys were harvested. The cortical tissue was cut into 2-4 mm
pieces and digested in 0.75 mg/mL collagenase for 1 h at 37 °C.
Subsequently, the digested tissue was filtered using a smart
strainer and centrifuged at 5000 r/min for 20 min. Finally, the cells
were suspended in DMEM containing 10% FBS and 1% penicillin/
streptomycin. Cells were seeded in 12-well plates and treated with
high glucose (HG, 30 mM) or normal glucose (control, 5.5 mM).
D-Mannitol (5.5 mM glucose + 24.5 mM mannitol) was chosen as a
control for osmolality. After 48 h of treatment, the cells were
harvested for subsequent experiments. The animal experiment
was performed in accordance with the ARRIVE guidelines and the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care
and Use Committee of Nanjing Medical University (No. 2104020).

Cellular uptake of Exos in vitro

TECs were seeded evenly on confocal dishes and then incubated
with DiD-labeled Exos when grown to approximately 70%
confluence. After 48 h, the cells were washed with PBS three
times and fixed with 4% paraformaldehyde for 20 min. Subse-
quently, DiD-positive cells were analyzed by confocal microscopy.

Quantitative real-time polymerase chain reaction (QRT-PCR)
analysis

Total RNA was extracted using TRIzol (15596018, Invitrogen, CA,
USA). The level of mRNA was quantified with HiScript Il RT
SuperMix (R323, Vazyme Biotech Co., Ltd, Nanjing, China), and the
level of miRNA was detected with the All-in-One MicroRNA Assay
Kit (QP011, GeneCopoeia, MD, USA) under the StepOne Real Time
PCR System (Applied Biosystems, CA, USA). The thermocycling
conditions for qRT-PCR were performed according to established
protocols [29]. All primers involved in this study were obtained
from Generay Biotech Co., Ltd. (Shanghai, China). GAPDH and U6
were used as the internal controls for normalization. Cel-miR-39-
3p was used as the control. The sequences of the primers used are
listed in Supplementary Table S2.

Western blot

Total protein samples from exosomes, cells and kidney tissues
were harvested with RIPA lysis buffer (P0013B, Beyotime
Biotechnology, Shanghai, China), and the concentration was
determined using a BCA assay (P0010, Beyotime Biotechnology,
Shanghai, China). Equal amounts of proteins were separated by
8% or 10% SDS-PAGE (E302-01 and E303-01, Vazyme Biotech
Co., Ltd, Nanjing, China) and transferred onto 0.45 um PVDF
membranes (IPVYH00010, Millipore, CA, USA). Western blot was
performed as previously described [30]. Immunoblotting was
performed with the following primary antibodies: anti-GAPDH
(AF7021, Affinity Biosciences, MICH, USA), anti-CD63 (sc-5275,
Santa Cruz, CA, USA), anti-Alix (sc-53540, Santa Cruz, CA, USA),
anti-CD81 (10037, Cell Signaling Technology, MA, USA), anti-
Lamp2b (ab25631, Abcam, UK), anti-a-smooth muscle actin (a-
SMA, AF1032, Affinity Biosciences, MICH, USA), anti-collagen |
(ab138492, Abcam, UK), anti-Fibronectin (ab2413, Abcam, UK),
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anti-E-cadherin (AF0131, Affinity Biosciences, MICH, USA), anti-
kidney injury molecule-1 (Kim-1, MA5-28211, Thermo Fisher
Scientific, MA, USA), anti-Lpp (sc-101434, Santa Cruz, CA, USA),
anti-zinc finger and BTB domain containing 20 (Zbtb20, sc-
515370, Santa Cruz, CA, USA), and anti-kelch-like protein 42
(KIhI42, 24847-1-AP, Proteintech, CA, USA). The secondary HRP-
conjugated antibodies were anti-mouse IgG and anti-rabbit IgG
obtained from KeyGEN BioTECH (Nanjing, China). Intensity
values expressed as the relative protein expression were
analyzed by Imagel) software 1.8.0 and normalized to the
expression of GAPDH.

Immunofluorescence staining and immunohistochemistry

Four-micrometer-thick paraffin-embedded renal tissue sections
were prepared, and a streptavidin peroxidase detection system
(Maixin, Fuzhou, China) was used for immunofluorescence
staining and immunohistochemistry assays. All experimental steps
followed the manufacturer's protocol. Tissue sections were
incubated with primary antibodies against a-SMA, Kim-1, Lpp,
Zbtb20, Desmin and Klhl42. Immunostained samples were
visualized under a confocal microscope (FV1000, Olympus, Japan).

Luciferase reporter assay

HEK293T cells were seeded into 24-well plates and the confluence
reaches to 50% after incubation. miR-23a-3p mimic, miR-27a-3p
mimic, miR-26a-5p mimic, 3'UTR-Lpp-WT, 3’UTR-Lpp-MUT, 3’UTR-
Zbtb20-WT, 3'UTR-Zbtb20-MUT, 3’UTR-KIhl42-WT and 3'UTR-
Klhl42-MUT were purchased from Guangzhou RiboBio Co., Ltd
(Guangzhou, China). As Lpp was predicted target of miR-23a-3p,
HEK293T cells were co-transfected with miR-23a-3p mimic (20 uM)
or miR-NC (20 uM) together with 3’'UTR-Lpp-WT (100 ng) or 3'UTR-
Lpp-MUT (100 ng) reporter plasmids using Lipofectamine 2000
(Thermo Fisher Scientific,c, MA, USA) according to the manufac-
turer’s instruction. After transfection for 48 h, the luciferase activity
of cells was measured by a Dual Luciferase Assay Kit (E1910,
Promega, WI, USA) and microplate reader (Tecan M1000, Switzer-
land). Similarly, the targeting relationship between miR-26a-5p
and Lpp, miR-26a-5p and Klhl42, as well as miR-27a-3p and
Zbtb20, were verified using the above method.

Fluorescence in situ hybridization (FISH)

FISH kit (GenePharma, Shanghai, China) was used to determine
the location of miR-23a-3p, miR-26a-5p and miR-27a-3p in TECs.
Cy3-labeled probes of miR-23a-3p, miR-26a-5p and miR-27a-3p
were obtained from GenePharma (Shanghai, China). Four-
micrometer-thick paraffin-embedded tissue sections were
digested with protease K and then incubated with blocking buffer
for 30min at 37°C. Furthermore, the tissue sections were
hybridized with Cy3-labeled DNA probe sets at 37 °C overnight.
FISH images were observed under a fluorescence microscope.

Correlation analysis

For determination of the association between miR-23a-3p, miR-
26a-5p, and miR-27a-3p and TIF, correlation analysis was applied
using Pearson’s correlation. According to the classification for
Pearson’s correlation coefficient (r), “r = 0" indicated “no correla-
tion”, “r<0.3" represented “poor correlation”, “0.3 <r<0.5" was
treated as “moderate correlation”, “0.5 <r < 0.7” was regarded as
“good correlation”, “r=0.7" indicated “strong correlation” and
“r=1" represented “perfect correlation”.

Statistical analysis

Data are expressed as the mean + SEM. Statistical analyses were
performed using SPSS 22.0. All experiments were repeated three
times. When two groups were compared, an unpaired t test was
used. When three or more groups were compared, one-way
ANOVA followed by Bonferroni’s correction was employed to
analyze the differences. Statistical significance was set at P < 0.05.
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RESULTS

Downregulated miR-23a-3p, miR-26a-5p, and miR-27a-3p were
associated with TIF in DN

To identify the potential therapeutic targets for DN, serum
samples from patients with DN were analyzed using high-
throughput miRNA sequencing (miRNA-seq). MiRNA expression
profiles differed substantially and were displayed by a hierarch-
ical clustering heatmap (Fig. 1a). A total of 23 differentially
expressed miRNAs with fold change >2.0 and P value <0.05 were
identified (six downregulated and seventeen upregulated)
(Supplementary Table S3). In the miRNA-seq results, we were
surprised to find that miR-23a-3p, miR-26a-5p, and miR-27a-3p
were significantly decreased (Supplementary Table S3). Notably,
miR-23a-3p and miR-27a-3p are located in a cluster (mMiR-
23a~27a cluster) on chromosome 9g22 in humans [31]. Then, we
confirmed that miR-23a-3p, miR-26a-5p, and miR-27a-3p expres-
sion in the serum of patients with DN was reduced by 47%, 57%
and 38%, respectively (Fig. 1b). Moreover, our previous studies
have demonstrated that miR-23a-3p and miR-27a-3p can
attenuate renal fibrosis and muscle atrophy in a 5/6 nephrect-
omy mouse model [32, 33] and that miR-26a-5p plays an
important role in anti-renal fibrosis in obstructive kidney disease
[30]. Therefore, miR-23a-3p, miR-26a-5p, and miR-27a-3p were
further investigated.

Then, to investigate the correlation between miR-23a-3p, miR-
26a-5p, miR-27a-3p and TIF in DN, we established a type 2
diabetic model with db/db mice to resemble human diabetic
kidney disease in our study. As shown in Fig. 1c, there were
markedly elevated levels of serum creatinine (sCr) and 24h
urinary protein in the db/db mice at 20 weeks of age.
Histologically, significant vacuolar degeneration of tubules and
interstitial fibrosis were observed in the DN group (Fig. 1d, e).
Moreover, the expression of the fibrotic markers a-SMA, collagen
|, Fibronectin, and the tubular injury marker Kim-1 were
markedly increased, while the expression of E-cadherin was
decreased (Supplementary Fig. Sla, b). Consistently, the
immunohistochemistry results showed upregulation of a-SMA
and Kim-1 in the DN group (Supplementary Fig. S1c). Further-
more, the results of FISH analysis showed that miR-23a-3p, miR-
26a-5p, and miR-27a-3p were primarily located in lotus tetra-
gonolobus lectin (LTL™) proximal renal tubules (Fig. 1f) and were
consistently reduced in the DN group, as shown by qRT-PCR
(Fig. 1g). Furthermore, correlations between the three miRNAs
and TIF were evaluated using Pearson’s correlation analysis. As
listed in Fig. Th, the results of correlation analysis demonstrated
that there was a strong negative correlation between miR-23a-
3p (r=0.8066), miR-26a-5p (r = 0.8509), miR-27a-3p (r =0.8735)
and TIF. In addition, miR-23a-3p, miR-26a-5p, and miR-27a-3p
were found to be strongly negatively correlated with renal
function decline (Supplementary Fig. S1d) and 24 h urinary
protein (Supplementary Fig. S1e). Here, we combined miR-23a-
3p, miR-26a-5p, and miR-27a-3p into an artificially engineered
cluster 3 and investigated their role in TIF in DN.

Engineered RVG-modified Exos targeted injured kidneys

To enhance the stability of the cluster 3 and deliver more cluster
3 homing to the injured kidneys, we generated satellite cell-
derived RVG-cluster 3-Exos. In brief, we transfected satellite cells
with Ad encoding RVG-Lamp2b and cluster 3, followed by Exos
purification (Fig. 2a). Cultured satellite cells were identified by
optical microscopy and immunofluorescence staining with a
primary antibody against Desmin, a satellite cell surface marker
protein (Supplementary Fig. S2a). Then, Exos isolated and
purified from the supernatant of cultured cells were character-
ized by TEM, NTA and Western blot. TEM analysis showed that
the Exos were typical lipid bilayer vesicles (Fig. 2b). NTA analysis
verified that the size distribution peak of the Exos was 120 nm in
diameter (Fig. 2c). The isolated Exos expressed Exo-associated
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markers (Alix, CD63, and CD81) as shown by Western blot
(Fig. 2d). Furthermore, Western blot analysis showed that RVG-
Lamp2b overexpression significantly increased Lamp2b expres-
sion in Exos (Supplementary Fig. S2b), which indicated that RVG-
Lamp2b was incorporated into satellite cell-derived Exos. Over-
expressed cluster 3 was confirmed to be incorporated into Exos,
as evidenced by the fact that miR-23a-3p, miR-26a-5p, and miR-
27a-3p expression levels were markedly elevated in the RVG-
cluster 3-Exo group compared to the RVG-vector-Exo group
(Fig. 2e). These data indicated that the strategy to establish RVG-
cluster 3-Exos is valid.

Furthermore, we determined the stability of RVG-cluster 3-Exos
and noted that no obvious degradation occurred in the miR-23a-
3p, miR-26a-5p, and miR-27a-3p levels within Exos (Supplemen-
tary Fig. S3), demonstrating that Exos encapsulation could help to
protect more miRNAs from being degraded at —80°C for more
than 7 days. To prove that RVG-cluster 3-Exos could home to
injured kidneys, we characterized the tissue biodistribution of
injected Exos through in vivo imaging. DiD-labeled RVG-cluster
3-Exos and unmodified cluster 3-Exos were injected into db/db
mice intravenously via the tail vein. After 12h, the dissected
organs were harvested and examined under the IVIS Spectrum
imaging system (Supplementary Fig. S4). As shown in Fig. 2f, renal
DiD fluorescence was significantly increased in the group treated
with RVG-cluster 3-Exos compared with the unmodified cluster
3-Exo group. Consistently, qRT-PCR revealed higher expression of
miR-23a-3p, miR-26a-5p, and miR-27a-3p in the RVG-cluster 3-Exo-
treated kidney (Fig. 2g). Therefore, these data revealed that our
strategy of delivering cluster 3 using RVG-Exos enhanced both the
stability and kidney targeting.

RVG-cluster 3-Exos protected against TIF in mice with DN

To evaluate the therapeutic efficacy of RVG-cluster 3-Exos for TIF,
db/db mice at 12 weeks of age were intravenously administered
Exos (100 ug) once a week for 8 weeks until they were sacrificed at
20 weeks of age (Supplementary Fig. S5). The exogenously added
RVG-cluster 3-Exos replenished miR-23a-3p, miR-26a-5p and miR-
27a-3p in the kidney of the db/db mice (Fig. 3a). Elevated sCr and
24 h urinary protein levels were markedly ameliorated by RVG-
cluster 3-Exo treatment (Fig. 3b). To fully assess the efficacy of
RVG-cluster 3-Exos, we performed PAS and Masson staining of
kidney sections. The results showed that vacuolar degeneration of
tubules and TIF were obviously mitigated in the RVG-cluster 3-Exo-
treated group (Fig. 3c). Moreover, immunofluorescence staining
revealed that a-SMA was expressed at lower levels in the RVG-
cluster 3-Exo-treated group, accompanied by decreased expres-
sion of Kim-1 (Fig. 3d). In addition, the mRNA expression levels of
a-SMA, collagen |, Fibronectin, E-cadherin, and Kim-1 were
reversed by RVG-cluster 3-Exo treatment, consistent with the
Western blot results (Fig. 3e, f). These data suggested that RVG-
cluster 3-Exos alleviated TIF in DN.

RVG-cluster 3-Exos inhibit the accumulation of extracellular matrix
(ECM) in TECs

Considering that TECs play a critical role in driving the progression
of TIF in DN, manifested in the secretion of a large amount of ECM,
and miR-23a-3p, miR-26a-5p, and miR-27a-3p were primarily
expressed in the proximal tubules (Fig. 1), we hypothesized that
RVG-cluster 3-Exos protect against TIF by inhibiting TEC-mediated
ECM accumulation. First, we examined the uptake of RVG-cluster 3-
Exos by TECs. As expected, we found that there was an increase in
the internalization of DiD-labeled RVG-cluster 3-Exos in TECs
(Fig. 4a), indicating that DiD-labeled RVG-cluster 3-Exos were
transfected into TECs. Moreover, RVG-cluster 3-Exos transfection
reversed the reduced miR-23a-3p, miR-26a-5p, and miR-27a-3p
expression in TECs, which was caused by HG administration (Fig. 4b),
indicating that Exos were successfully internalized by TECs and
exhibited potential effective targeting to TECs. Furthermore,
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Western blot and gRT-PCR analyses validated that RVG-cluster 3-
Exos could dramatically inhibit the synthesis of fibrosis-related
proteins (a-SMA, collagen |, Fibronectin) and increase the expres-
sion of E-cadherin in TECs (Fig. 4c, d). In addition, immunofluores-
cence showed that the expression of a-SMA was reduced by RVG-
cluster 3-Exo treatment (Fig. 4e). Thus, these results collectively
demonstrated that RVG-cluster 3-Exos could ameliorate the
progression of TEC-mediated ECM deposition.

Synergistic antifibrotic activity of RVG-cluster 3-Exos in mice with
DN
To investigate whether the miRNA cluster is superior in the
treatment of TIF, we examined the therapeutic effects of miR-23a/
27a or miR-26a alone. Then, RVG-miR-23a/27a-Exos and RVG-miR-
26a-Exos were established following the same methods. First, the
expression levels of miR-23a-3p, miR-26a-5p, and miR-27a-3p
among each group were detected in kidneys from db/db mice
(Supplementary Fig. S6a). As shown in Fig. 5a-d, compared to that
of the group with RVG-miR-23a/27a-Exo or RVG-miR-26a-Exo
treatment, decreased sCr and 24 h urinary protein levels were
accompanied by improved vacuolar degeneration of tubules and
lower TIF histologically in the mice with DN treated with RVG-
cluster 3-Exos. Moreover, immunofluorescence revealed that RVG-
cluster 3-Exo treatment could decrease the levels of a-SMA and
Kim-1 compared to that of the group with single RVG-miR-23a/
27a-Exo or RVG-miR-26a-Exo treatment (Fig. 5e). Moreover, qRT—
PCR and Western blot analysis revealed that RVG-cluster 3-Exos
were better than RVG-miR-23a/27a-Exos or RVG-miR-26a-Exos
alone in reducing the expression of a-SMA, collagen |, and Kim-1
in the TIF treatment (Fig. 5f, g and Supplementary Fig. S6b).
Then, the synergistic anti-ECM accumulation of RVG-cluster 3-
Exos in TECs was explored. As presented in Supplementary Fig. S7a,
the gRT-PCR results demonstrated lower expression levels of a-SMA
and collagen | in the RVG-cluster 3-treated group than in the RVG-
miR-23a/27a-Exo-treated or RVG-miR-26a-Exo-treated group. A
similar expression pattern was shown by Western blot analysis
and immunofluorescence (Supplementary Fig. S7b, c). Collectively,
these data indicated that RVG-cluster 3-Exos exert synergistic
antifibrotic activity in DN.

RVG-cluster 3-Exos exert antifibrotic activity by targeting multiple
genes
To explore the exact molecular mechanisms of the synergistic
antifibrotic activity of RVG-cluster 3-Exos, we performed mRNA-
seq analysis to compare differentially expressed targets in the HG-
stimulated TECs treated with RVG-cluster 3-Exos, RVG-miR-23a/
27a-Exos or RVG-miR-26a-Exos, as displayed by the hierarchical
clustering heatmap (Fig. 6a). Moreover, bioinformatics databases
(including miRDB and TargetScan) were used to clarify the
underlying downstream target genes. Interestingly, we found that
miR-23a-3p and miR-26a-5p commonly targeted Lpp, miR-27a-3p
targeted Zbtb20, and miR-26a-5p targeted Klhl42, which were
predicted to be the potential molecular mechanisms of the
antifibrotic activity of RVG-cluster 3-Exos (Fig. 6b). First, we
examined their expression levels and location in vivo. gRT-PCR
analysis showed that the levels of Lpp, Zbtb20, and Klhl42 were
significantly increased in the DN group. However, RVG-cluster 3-
Exo treatment resulted in lower expression of Lpp than single
RVG-miRNA-Exo administration. As expected, RVG-miR-23a/27a-
Exos or RVG-miR-26a-Exos alone could only reduce the expression
of the specific target genes Zbtb20 and Klhl42, respectively
(Fig. 6¢). A similar expression pattern was also confirmed by
Western blot (Fig. 6d) and immunohistochemistry analysis (Fig. 6e).
In addition, the exact mechanisms of RVG-cluster 3-Exos in anti-
ECM accumulation in TECs under HG stimulation were demon-
strated in vitro (Supplementary Fig. S8a, b).

To further explore the direct targets of cluster 3, we
performed a luciferase reporter analysis of cultured HEK293T
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cells using a reporter construct in which the luciferase coding
sequence was fused to the 3'UTR (position 3476-3483nt) of
mouse Lpp (miR-23a-3p/Lpp-3’UTR) and the 3’UTR (position
1792-1799nt) of mouse Lpp (miR-26a-5p/Lpp-3’UTR). As
expected, the luciferase activity of Lpp was markedly repressed
by miR-23a-3p and miR-26a-5p, indicating that Lpp is a direct
target of both miR-23a-3p and miR-26a-5p (Fig. 6f, Supplemen-
tary Fig. S8cd). Furthermore, we found that miR-26a-5p
markedly repressed luciferase activity in the cells transfected
with Klhl42-3'UTR (position 146-153nt), and miR-27a-3p mark-
edly repressed luciferase activity in the cells transfected with
Zbtb20-3’UTR (position 20233-20239nt) (Fig. 6f, Supplementary
Fig. S8e, f). These data showed that Zbtb20 is a direct target of
miR-27a-3p and that KIhl42 is a direct target of miR-26a-5p.

Collectively, these data demonstrated that RVG-cluster 3-Exo
treatment played a synergistic antifibrotic role in DN progression
not only by potentiating the effect on the common target but also
by expanding the effect on specific single target.

Inhibition of Lpp ameliorated the progression of TIF in DN

To investigate the contributions of Lpp to TIF progression in vivo,
we used AAV injection via the tail vein to knock down Lpp
expression in the mice with DN (Supplementary Fig. S9). The
efficiency of Lpp downregulation in tubules from the renal cortex
was evaluated by gRT-PCR, Western blot and immunohistochem-
istry. The results showed that Lpp expression was significantly
decreased in mice, and representative images showed that
proximal renal tubules were stained with specific antibodies
against Lpp (Fig. 7a-c). Loss of Lpp effectively decreased the sCr
levels and 24 h urinary protein (Fig. 7d). Importantly, tubule injury,
vacuolar degeneration and TIF were markedly diminished in the
kidneys of the AAV-Lpp RNAi-injected mice with DN, as evidenced
by PAS and Masson staining (Fig. 7e). Furthermore, immunofluor-
escence showed that silencing Lpp markedly reversed the
expression of a-SMA and Kim-1 in the mice with DN (Fig. 7f).
Moreover, knockdown of Lpp reversed the transcript and protein
levels of a-SMA, collagen |, Fibronectin, E-cadherin, and Kim-1
(Fig. 7g and Supplementary Fig. S10). Thus, the downregulation of
Lpp dramatically relieved the progression of TIF in DN. Together,
these results demonstrated that Lpp played a critical role in the
pathophysiology of DN and that inhibition of Lpp significantly
ameliorated the progression of TIF in DN.

DISCUSSION

The global prevalence of DN is estimated to be approximately
40% in patients with DM and still has an annual upwards trend.
Increased evidence has demonstrated that TIF plays a crucial
role underlying this process. Although various important
advances in the molecular mechanisms of TIF have been made,
there is no targeted therapy to prevent TIF progression. In this
study, our results demonstrated a promising approach of
delivering more miR-23a/27a/26a clusters by Exos from muscle
satellite cells to injured kidneys and assessed the efficacy of
exogenous miR-23a/27a/26a clusters in improving TIF in DN.
Surprisingly, delivery of the miR-23a/27a/26a cluster by Exos
could enhance the stability of the miR-23a/27a/26a cluster and
ameliorate TIF by a mechanism that synergistically targets
several profibrotic regulators (Fig. 8).

Numerous studies have shown that miRNAs are involved in
regulating the pathophysiology of DN; however, the mechan-
isms of action are still unclear. At present, the regulation of
complex cellular pathways by single miRNAs remains limited.
The concept of miRNA clusters has not been previously explored
in DN and may provide a novel strategy for clinical translation. In
our study, we found that miR-23a-3p, miR-26a-5p, and miR-27a-
3p, coexpressed in a module of the miRNA cluster, have a strong
negative correlation with TIF in DN, which indicated that the
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in vivo. Scale bars, 50 pm. f Luciferase reporter assays identified Lpp as a target in common of miR-23a-3p and miR-26a-5p, Klhl42 as a target of
miR-26a-5p and Zbtb20 as a target of miR-27a-3p. n = 3 per group. **P < 0.01, ***P < 0.001. ns, no significant difference; NC, negative control;
WT, wild type; MUT, mutant; Lpp, lipoma-preferred partner; Zbtb20, Zinc finger and BTB domain containing 20; Klhl42, Kelch-like protein 42.
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miR-23a/27a/26a cluster may be explored as a novel and more
effective therapy for DN. Previous studies reported that miRNAs
could regulate several diseases through multiple pathways [34,
35], among which the canonical pathway is involved in post-
transcriptional regulation of gene expression by binding to the
3’'UTR of their target messenger RNAs (mRNAs) to suppress
expression [36]. In our study, we found that the miR-23a/27a/26a
cluster could regulate several genes that are relevant to fibrotic
processes. MiR-26a-5p targets Klhl42, and miR-27a-3p targets
Zbtb20. Lpp is the common target of miR-23a-3p and miR-26a-
5p. Studies have revealed that Lpp, Zbtb20 and Klhl42 are
associated with heart and liver fibrosis [37-39]; however, no
study has reported the relationship with renal fibrosis. Our data
showed that Lpp, Zbtb20 and KlIhl42 were located in the
proximal tubule, and their high expression levels were reversed
by overexpressing miR-23a/27a/26a in the mice with DN,
indicating that they may play important roles in DN. Addition-
ally, the mRNA and protein expression of Lpp, whose mRNAs are
targeted simultaneously by miR-23a-3p and miR-26a-5p, was
incrementally decreased with the full cluster compared to the
single miRNA, suggesting that the biological effect of the miRNA
cluster not only expands the targetome but also potentiates the
effect on common targets. Our results revealed that using
clustered miR-23a/27a/26a as a treatment for preventing renal
fibrosis in DN is significantly more effective and feasible than
single miRNA-mediated therapy.

However, there remain many challenges in applying miRNAs as
therapeutics because of the easy degradation in circulation and
incomplete delivery to target organs [40, 41]. Recently, convincing
evidence has shown that Exos derived from stem cells can be used
as miRNA or drug delivery vehicles for disease therapeutics
[42, 43]. Our previous studies have shown that skeletal muscle
satellite cell-derived exosomes were able to treat muscle atrophy
and renal fibrosis in kidney disease models because of their low
immunogenicity and favorable safety profile [24, 33], which
provides evidence for the existence of a beneficial crosstalk
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system between skeletal muscle and kidneys. In our study, it was
confirmed that skeletal muscle satellite cell-derived exosomes
could deliver the miR-23a/27a/26a cluster as nanocarriers to
improve kidney impairment and attenuate TIF.

Owing to the low targeting of Exos to kidneys and their easy
uptake by other organs, we developed a method to successfully
deliver the miR-23a/27a/26a cluster to injured kidneys based on
engineered Exos. We transfected Adv-RVG-Lamp2b into muscle
satellite cells to increase the efficacy of intravenously delivered Exos.
Studies have shown that RVG can direct Exos to organs that express
the acetylcholine receptor, such as the kidney [44]. Moreover,
Lamp2b is primarily expressed on the surface of Exos and can bring
targeting peptides (e.g., RVG) to the Exo surface to increase the Exo
targeting ability. In our study, we observed a significant increase in
the expression of miR-23a-3p, miR-26a-5p and miR-27a-3p in the
RVG-modified Exo group compared with the unmodified Exo group
in the mice with DN, which confirmed that RVG-modified exosomes
could deliver more materials to home to the kidneys.

To sum up, we have constructed a platform for targeted delivery
of the miR-23a/27a/26a cluster by using muscle satellite cell-derived
Exos and highlighted the antifibrotic role of RVG-miR-23a/27a/26a-
Exos as a promising nanotherapeutic for DN treatment. Mechan-
istically, we showed that the miR-23a/27a/26a cluster, as a module
of coexpressed microRNAs, could simultaneously target Lpp to
potentiate the antifibrotic effect and target Zbtb20 and Klhl42 to
expand the ability to ameliorate fibrosis. Our study provides a novel
kidney-targeting Exo-based delivery system to manipulate the miR-
23a/27a/26a cluster, which could effectively ameliorate TIF in DN,
providing a promising therapeutic strategy for DN.
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