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Our previous study showed that miR-29 attenuates muscle
wasting in chronic kidney disease. Other studies found that
miR-29 has anti-fibrosis activity. We hypothesized that intra-
muscular injection of exosome-encapsulated miR-29 would
counteract unilateral ureteral obstruction (UUOQO)-induced
muscle wasting and renal fibrosis. We used an engineered exo-
some vector, which contains an exosomal membrane protein
gene Lamp2b that was fused with the targeting peptide RVG
(rabies viral glycoprotein peptide). RVG directs exosomes to
organs that express the acetylcholine receptor, such as kidney.
The intervention of Exo/miR29 increased muscle cross-
sectional area and decreased UUO-induced upregulation of
TRIM63/MuRF1 and FBXO32/atrogin-1. Interestingly, renal
fibrosis was partially depressed in the UUO mice with intra-
muscular injection of Exo/miR29. This was confirmed by
decreased TGF-B, alpha-smooth muscle actin, fibronectin,
and collagen 1A1 in the kidney of UUO mice. When we used
fluorescently labeled Exo/miR29 to trace the Exo/miR route
in vivo and found that fluorescence was visible in un-injected
muscle and in kidneys. We found that miR-29 directly inhibits
YY1 and TGF-33, which provided a possible mechanism for in-
hibition of muscle atrophy and renal fibrosis by Exo/miR29.
We conclude that Exo/miR29 ameliorates skeletal muscle atro-
phy and attenuates kidney fibrosis by downregulating YY1 and
TGEF-B pathway proteins.

INTRODUCTION

Chronic kidney disease (CKD) is a progressive process that ultimately
leads to end-stage renal failure. Muscle wasting and renal fibrosis
occur in almost every type of CKD patient and are important factors
influencing morbidity and mortality.'  The application of miRNA
technology has facilitated studies on the advancement of fibrosis at
multiple sites in the body, including kidney.*> A large number of
recent studies have confirmed that the levels of many miRNAs are
altered in fibrotic kidney. Specifically, transforming growth factor
(TGF-B) induces the expression of miR-21, miR-192, miR-214, and
the let7 family, and inhibits of expression of the miR-29 and miR-
200 families.® All of these miRs have been associated with the fibrotic

process. We and others confirmed that CKD reduces miR-29 expres-
sion in muscles and kidney.”* Muscle wasting is a serious complica-
tion of CKD and contributes substantially to the morbidity and
mortality of CKD patients."” The low expression of miR-29 observed
in CKD animals results in elevated expression of the transcription
factor Yin Yang 1 (YY1). YY1 inhibits muscle satellite cell prolifera-
tion and thereby leads to the development of muscle wasting. YY1 isa
pro-fibrotic protein in kidney that upregulates o.-SMA and collagen.’
Knockdown of YY1 protects against silica-induced lung fibrosis.'

Studies have revealed that miR-29 has anti-fibrosis activity.'' The
miR-29 family expression is decreased after unilateral ureteral
obstruction (UUO), which is a widely studied animal obstructive
nephropathy model for renal fibrosis.'> Exogenous application of
miR-29, when provided to animals with obstructive and diabetic
nephropathies, suppresses progression of kidney fibrosis."> The
mechanism by which miR-29 exerts its anti-fibrosis effects is thought
to involve its ability to inhibit production of several fibrosis-related
proteins (http://www.targetscan.org/).

MicroRNAs are biologic markers for diagnosis of diseases and have
been tested for treatment of many of these diseases.'*'” One of the
major challenges of using synthetic microRNA for therapy is that
exogenously added microRNA is quickly degraded by the high level
of ribonuclease activity in plasma. In addition, miRs can be rapidly
cleared by bile excretion, renal filtration, or immunologic phagocy-
tosis, leading to minimal accumulation in the tissue targeted for ther-
apeutic treatment.'® Exosomes are candidates for microRNA carriers
because they stabilize microRNA against degradation. Exosomes are a
sub-type of extracellular vesicles.'” They are found in serum, urine,
breast milk, saliva, semen, and other biological fluids and are natural

Received 10 July 2018; accepted 11 January 2019;
https://doi.org/10.1016/j.ymthe.2019.01.008.

8These authors contributed equally to this work.

Correspondence: Xiaonan H. Wang, MD, Department of Medicine, Renal Divi-
sion, WMB Room 338C, M/S 1930/001/1AG, 1639 Pierce Drive, Emory University,
School of Medicine, Atlanta, GA, 30322, USA.

E-mail: xwang03@emory.edu

Molecular Therapy Vol. 27 No 3 March 2019 © 2019 The American Society of Gene and Cell Therapy. 571

aaaaaa


http://www.targetscan.org/
https://doi.org/10.1016/j.ymthe.2019.01.008
mailto:xwang03@emory.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2019.01.008&domain=pdf

Molecular Therapy

G # p<0.05 vs. control
e UUO
A B C
) TA Gast i
30 Body weight - s astrocnemius
= 4 #
fm g 2 .___i/'/. g s
5 20 2 s
.20 S "-~-‘_ ~-A
7] S 15 S——— S 3
3
10 1 2
3 7 14 28 3 7 14 28 3 7 14 28
Day Day Day
D Soleus E F Blood urea nitrogen (BUN)
#
. o5 0.6 _ 60 , “ i
2 2 o4 % 40 e it
§o.25 s E gt
s 02 22 —t ¢ §
2]
0 0 0
3 7 14 28 3 7 14 28 3 7 14 28
Day Day Day
# p<0.05 vs. control
G 3 # #
I #
I —
: [a ) #
FBXO32/atrogin-1 . - W% W | 40kDa % W )
02
~
TRIM63/MuRF1 e ——— | 41 kDa 'E .: .
0=
20
GAPDH | === —— —=— —— —— | 37kDa &95

e R oy’ 0371428 0371428

FBX032/atrogin-1 TRIM63/MuRF1

H I
#p<0.05 vs. control © 15 #p<0.05 vs. control
O 1,5, S
2 ) 2
9‘?@»1.0- # \ o %1.0 # "
xs ] # =2 )
E: £ 2
EEO'S' 5@05
o Y
S T
oy 07 1 07 W 07 14 oy 07 14 071 07 U
miR-29a-3p  miR-290-3p  miR-29¢-3p MR2923p MR2963p MR-2963p

Figure 1. Evidence for Muscle Atrophy in UUO Mice

(A-E) The graphs are body weight (A) and the ratio of skeletal muscle mass to body weight at 3, 7, 14, and 28 days after UUO surgery: (B) tibialis anterior (TA), (C)
gastrocnemius, (D) soleus, and (E) extensor digitorum longus (EDL). (F) Blood urea nitrogen measured at different time periods using BLOOD UREA NITROGEN Kinetic
Procedure Kit in plasma of control and UUO mice. Results are mean + SE; n = 9/group; *p < 0.05 versus shams. (G) The two E3 ubiquitin ligase proteins TRIMB3/MuRF1 and

(legend continued on next page)
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carries of many signaling molecules including proteins, mRNA, and
microRNAs.'®'” They have been used therapeutically to deliver vac-
cines, chemotherapeutic drugs, and small interfering RNA (siRNA).*
Exosomes can be less immunogenic, non-cytotoxic, and non-muta-
genic to the recipient compared with other gene delivery vehicles.”'

We hypothesized that intramuscular injected exosome-carried miRs
can be transported from skeletal muscle to other damaged organs
to rescue their injury. We designed an experimental strategy that pro-
duced labeled exosomes containing miR-29 that allowed us to track
these exosomes from skeletal muscle to kidney. We used UUO
mice, a well-established renal fibrosis model, to test our hypothesis.
First, we investigated the effect of exosome/miR29 on muscle wasting
in the UUO mouse by examining signaling pathways related with
muscle atrophy. Next, we examined the effect of intramuscular injec-
tion of exosome/miR-29 on regulation of fibrosis in kidney. Finally,
we evaluated the possibility that the mechanism of muscle-kidney
communication could involve miR-29 acting through circulating
exosomes. Our results suggest a new therapeutic strategy for kidney
disease with muscle wasting.

RESULTS

Body Weight and Skeletal Muscle Mass Were Decreased in UUO
Mice

To investigate whether protein wasting is related with ureteral
obstruction, UUO was induced by ligation of the left ureter in nine
male C57BL6 mice. Body and skeletal muscle weights were measured
at 3,7, 14, and 28 days after UUO surgery. The data are presented as
the calculated ratio of muscle mass to body weight. Body weight was
significantly decreased at 7 days in UUO mice versus sham mice (Fig-
ure 1A). The weight ratio of tibialis anterior (TA), extensor digitorum
longus (EDL), and soleus were significantly decreased beginning at
7 days (Figures 1B, 1D, and 1E, respectively). Gastrocnemius muscle
was significantly decreased at 28 days (Figure 1C). The blood urea
nitrogen was significantly raised 7 days after UUO (Figure 1F).

We measured muscle atrophy markers FBXO32/atrogin-1 and
TRIM63/MuRF1. Comparing UUO mice with sham mice, the protein
level of TRIM63/MuRF1 was significantly increased in TA of UUO
beginning at 3 days and was further increased through 28 days.
FBXO32/atrogin-1 was significantly increased in the TA of UUO
mice at 14 days after UUO and maintained the elevated levels through
28 days (Figure 1G). These data suggest that skeletal muscle wasting
occurred in the UUO mice. Our previous study found that miR-29
was decreased in the muscle of CKD mouse.”> We measured the
expression of miR-29a-3p, miR-29b-3p, and miR-29¢-3p separately
in skeletal muscle and kidney of UUO mice. The expression of

miR-29a was decreased in the TA of 7- and 14-day UUO mice versus
shams (Figure 1H), and all three miR-29s were decreased in the kid-
ney at 14 days post UUO surgery (Figure 1I).

Intramuscular Injection of Exo/miR29 Counteracts the UUO-
Induced Decrease of miR-29a in Muscle

In general, microRNAs that are hosted by exosomes are stable and
maintain their integrity,'” so we used this strategy for microRNA
delivery. Using muscle satellite cells as miR-29 exosome donors, we
introduced an exosome vector that contains the exosomal membrane
protein gene Lamp2b (lysosomal-associated membrane protein 2b)
that was fused with the targeting peptide RVG (rabies viral glycopro-
tein peptide). RVG directs the exosome to organs that express
the acetylcholine receptor, such as kidney.”> Because Lamp2b is
ubiquitously expressed on the surface of exosomes, it can bring the
targeting peptides (e.g., RVG) to the exosome surface and endow
exosome-encapsulated cargo (e.g., miR-29) with targeting ability.
We confirmed the miR-29 content of the exosomes from the culture
media of the satellite cells by PCR. The expression of miR-29a, miR-
29b, and miR-29c was increased in the exosomes isolated from the
culture medium by 34-, 21-, and 31-fold, respectively (Figure 2A).
The average size of the isolated exosomes was 91 + 1.9 nm. The yield
of exosomes from the culture medium was approximately 1.0 x 10"
particles/mL (Figure S6). The exosome marker Tsgl01 was used to
verify exosome abundance (Figure 2B).

RVG-exosome/miR-29abc (Exo/miR29) and RVG-exosome/miR-ctrl
(Exo/ctrl) were injected into the TA of mice once every week. Exo/
miR29 was fluorescently labeled with 1 pmol/L fluorescent lipophilic
tracer DiR (Invitrogen) before injection into the TA. The fluorescence
intensity and the expression of miR-29 were assessed in the muscle at
14 days after injection. High levels of fluorescence (Exo/miR29) were
observed at the injection sites. In addition, fluorescence appeared to
accumulate in the right (contralateral) un-injected TA of the UUO
mice at higher levels than in the right TA of sham mice (Figure 3A).
In muscle injected with Exo/miR29, the expression of miR-29a, miR-
29b, and miR-29¢ in control mice was increased 7.8-fold (miR-29a),
2.9-fold (miR-29b), and 5.4-fold (miR-29¢c) as determined by PCR
analysis. In UUO muscle, the expression of these miRNAs increased
4.6-fold (miR-29a), 2.1-fold (miR-29b), and 4.5-fold (miR-29c¢),
respectively (Figure 3B).

Exo/miR-29 Attenuated UUO-Induced Muscle Loss

Intramuscular injection of Exo/miR29 into the TA of control mice
had no effect on body weight and muscle mass. However, this treat-
ment prevented UUO-induced body weight loss. This treatment also
reversed the decrease of the soleus, TA, and EDL muscle mass in

FBXO32/atrogin-1 were measured in the TA of sham and UUO mice at O, 3, 7, 14, and 28 days after UUO surgery. Left: representative western blot of the marker proteins.
Right: bar graphs showing the fold change of each protein band compared with levels in sham control mice (represented by 1-fold). All protein band densities have been
normalized to the appropriate GAPDH loading control (bars: mean + SE; n = 4/group; *p < 0.05 versus control). (H and ) Total RNA was extracted from skeletal muscle (H) and
kidney (1) of sham (day 0) and UUO mice. The expressions of miR-29a-3p, miR-29b-3p, and miR-29¢-3p were assayed by real-time gqPCR at 0, 7, and 14 days after UUO
surgery. The bar graph shows microRNA from the TA and kidney of each group of mice compared with levels in controls (represented by 1-fold). Results are normalized to U6

(bars: mean = SE; n = 9/group; *p < 0.05 versus control).
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Figure 2. Exo/miR-29 Was Generated from Cultured Cells

(A) The expression of miR-29 in the exosomes isolated from medium. The Lamp2b-
RVG vector was transfected into satellite cells using Effectene (transfection reagent;
QIAGEN, Valencia, CA, USA). After 6 h of transfection, the cells were transduced
with Ad-miR29abc (adenovirus containing miR-29ab1 and miR-29b2c) or Ad-
empty (control virus) in extracellular vesicle free serum (EVFS)-containing medium.
Fresh EVFS medium was changed after 24 h. All cells were cultured for an additional
48 h to allow exosome release into the medium. The exosomes that are enriched
with miR29abc (exosome/miR29) or control (exosome/miR-ctrl) were harvested
from culture medium. RNA was isolated from exosomes. The expressions of miR-
29a-3p, miR-29b-3p, and miR-29¢c-3p were assayed by real-time gPCR. The bar
graph shows miR expression from the Exo/ctrl (represented by 1-fold) compared
with levels in Exo/miR-29s. Results are normalized to miR103a (bars: mean + SE;
n = 6/group; *p < 0.05 versus Exo/ctrl). (B) Exosomes were isolated from the satellite
cell culture medium. The protein from cell lysis was used as control. The exosome
marker protein, Tsg101, was assayed by western blotting.

UUO mice (Table 1). To confirm this result, we measured muscle
cross-sectional area in cryosections of TA at 14 days after UUO
surgery. There was no statistical difference of the muscle cross-
sectional areas between sham mice treated with Exo/miR-ctrl
(2,980 + 145 um?) or Exo/miR29 (2,875 + 127 pum?). The overall
size distribution of muscle fibers from sham, UUQO, and Exo/miR-
29-injected UUO mice are shown in Figure 3C. Analysis of the fiber
area frequency distribution revealed a clear increase in the percentage
of small fibers (a leftward shift) in UUO mice, whereas provision of
miR-29 suppressed the leftward shift in the fiber size distribution of
UUO mice.

To determine whether the increase in muscle fiber cross-sectional area
might reflect increased muscle regeneration in response to Exo/miR29,
we measured myogenesis protein markers in muscle with overexpres-
sion of miR-29 at 14 days after Exo/miR29 injection. Muscle regener-
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ation-related proteins, myoD, myogenin, and eMyHC, were decreased
in UUO muscle, but exogenous miR-29 limited these decreases (Fig-
ure 3D). YY1 is a transcription factor that inhibits muscle regenera-
tion.” The protein abundance of YY1 is increased in UUO mice;
overexpression of miR-29 also retarded this change (Figure 3D). Phos-
phatase and tensin homolog (PTEN) inhibits myogenesis through the
Akt signaling pathway.”* Exogenous miR-29 decreased PTEN protein
abundance in the UUO muscle. Notably, providing miR-29 also
repressed the UUO-induced upregulation of the muscle catabolic pro-
teins TRIM63/MuRF1 and FBXO32/atrogin-1 (Figure 3D). These data
suggest that injection of Exo/miR29 in skeletal muscle can attenuate
UUO-induced body weight loss and muscle atrophy.

Intramuscular Injection of Exo/miR29 Attenuated Renal Fibrosis
in UUO Mice

During the UUO study, we found that BLOOD UREA NITROGEN
levels of UUO mice with intramuscular injection of Exo/miR29
were significantly decreased compared with Exo/ctrl-injected UUO
mice (Figure 4A), suggesting that renal function is improved by
Exo/miR29 treatment. To identify whether miR-29 has an impact
on UUO-induced renal damage, we assessed kidney fibrosis at
7 days after UUO surgery using Masson’s trichrome staining. The
intramuscular injection of Exo/miR-29 attenuated the progression
of kidney fibrosis in UUO mice (Figure 4B). Comparison of the den-
sity of the collagen staining (blue) showed that the area of fibrosis in
the UUO kidney with Exo/miR29 was significantly smaller than that
of UUO kidney with Exo/ctrl at 3-14 days after UUO (Figure 4C).
Alpha-smooth muscle actin (a-SMA) is a molecular signature for my-
ofibroblast activation.”> The amount of o-SMA was significantly
increased in the UUO mice, indicating fibrosis development, but
restoration of the level of miR29 significantly decreased the amount
of a-SMA in UUO kidney (Figure 4D).

TGEF-B is a major inducer of fibrosis. TGF-B1 and TGF-B3 were
significantly increased in UUOQ kidney, as were the extracellular ma-
trix proteins fibronectin, collagen 1A1, collagen 4A1, and vimentin
when compared with sham levels at 14 days after Exo/miR-29 injec-
tion. Providing miR-29 to skeletal muscle significantly limited the
increases of these fibrosis-related proteins, although not returning
to sham levels. The exception is vimentin in which miR-29 caused
a reduction that did not reach statistical significance. The increase
of transcription factor YY1 was also reduced by Exo/miR29 (Fig-
ure 4E). These results indicate that intramuscular injection of exoge-
nous miR-29 can attenuate the progression of fibrosis in UUO kidney.

Evidence for Exo/miR-29 in Kidney

To test whether the decreased renal fibrosis that accompanies
muscular injection of Exo/miR29 might be related to the increase in
circulation of exosome-encapsulated miR-29, we isolated exosomes
from the serum of sham and UUO mice that had been injected
with Exo/miR29 or Exo/miR-ctrl at 14 days after Exo/miR29 injec-
tion. The levels of miR-29a, miR-29b, and miR-29c¢ in serum from
both sham and UUO mice were sharply increased relative to mice
injected with Exo/miR-ctrl (Figure 5A). A similar increase was seen
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Table 1. Body Weights and Muscle Mass of Sham-Operated and UUO Mice

Sham+Exo/ Sham+Exo/ UUO+Exo/ UUO+Exo/

ctrl miR29 ctrl miR29
Body weight (g) 263 + 3.5 256 +2.9 205 +2.7* 24.2 £ 3.1
TA (mg) 549+ 1.2 547 £ 1.5 46.8 £ 0.9* 50.5 + 1.4**
Soleus (mg) 95+0.9 94+ 12 7.1+ 1.1* 8.2 + 1.1
EDL (mg) 103 + 1.2 109 + 1.6 82+ 0.7* 9.5 + 1.3**

Data are presented as mean + SE. n = 9/group. *p < 0.05 is significant versus sham.
**p < 0.05 is significant versus UUO+Exo/ctrl.

in the levels of the three miR-29s in kidney tissue from both sham
and UUO mice (Figure 5B). Next, we tracked the exosomes contain-
ing fluorescently labeled Exo/miR29 using the In-Vivo Xtreme
camera system. After intramuscular injection, the fluorescence levels
were increased in almost all organs, including non-injected muscle
(Figure S1). Interestingly, the UUO kidney has the strongest fluores-
cent intensity of any of the organs, including the non-UUO kidney
(Figure 5C). We confirmed that the concomitant increase of
miR-29 in the obstructed kidney was more than in the unobstructed
kidney by qPCR (Figure S2). We also found that the protein levels
of TGF-B3 and YY1 were significantly decreased in the circulated
exosome isolated from the Exo/miR29-treated mice (Figure 5D).

To show that the fluorescence accumulated in the various tissues
indicated the presence of Exo/miR29-DiR or Exo/miR-ctr]l-DiR,
and was not the result of non-specific spreading of unattached
dye, we injected free DiR (without exosomes) into TA and looked
for fluorescence in vivo and ex vivo. Fluorescence was observed in
legs of the intact mice in vivo at 7, 14, and 21 days (Figure S3A).
Analysis of organs ex vivo showed fluorescence only at the site of
injection. At all times, fluorescence was confined in muscle and
not detected in other organs, including kidney (Figure S3B). To
clarify the impact of RVG targeting, we generated additional exo-
somes/miR-29 without RVG (FLAG-Exo/miR-29). We injected
both FLAG-Exo/miR-29 and RVG-Exo/miR-29 into TA of UUO

Molecular Therapy

mice and measured the miR-29 expression in serum, obstructed
(UUO) kidney, and the contralateral unobstructed kidney. The ex-
pressions of miR-29 in serum exosomes were not significantly
different between FLAG- and RVG-miR-29 treatment (Figure S4A).
In the contralateral (unobstructed) kidneys, miR-29a expression was
significantly increased in RVG-Exo/miR-29-treated mice than
FLAG-Exo/miR-29-treated mice (Figure S4B), but not significantly
different in miR-29b and miR29-c expression. However, in the
UUO kidney, the expressions of miR-29a, miR-29b, and miR-29¢
were significantly higher in RVG-Exo/miR-29-injected mice than
Exo-FLAG/miR-29-injected mice (Figure S4C).

TGF-B3 Is Directly Targeted by miR-29

To explore potential mechanisms by which miR-29 might contribute
to anti-fibrosis in kidney, we treated HEK293 cells with TGF-f and
Ad-miR29 adenovirus for 24 h. There was no statistical difference be-
tween untreated cells and cells treated with miR-control (Figure S5).
Treatment with only TGF-B led to increased fibrosis markers in
cultured kidney cells evidenced by increasing expression of collagen
1 and aSMC mRNA (Figure 6A). The TGF- signaling pathway pro-
teins TGF-B1, TGF-B3, and phosphate SMAD2/3 were upregulated
with TGF-f treatment. Fibrosis marker proteins collagen lal and
aSMC were also increased. In cells also treated with Ad-miR29, all
these changes were blocked (Figure 6B). An in silico analysis of
the 3 UTR of TGF-B3 predicted a conserved binding site for miR-
29 (http://www.targetscan.org/). To experimentally confirm that
miR-29 interacts with the TGF-B3 mRNA, the TGF-B3 target site
of miR-29 (838-844 nt on Tgfb3 3’ UTR) was cloned into a luciferase
reporter construct (pLUC-TGF-B3) and transfected into HEK293
cells. Luciferase activity was measured after 24 h. When transfected
cells were also transduced with Ad-miR-29, luciferase activity was
decreased, indicating binding of miR-29 to TGF-B3. When cells
were transduced with miR-29 in which the binding site had been
mutated, the miR-29-mediated decrease was eliminated, indicating
no binding (Figure 6C). This result was consistent with the observed
decrease in TGF-B3 protein abundance in kidney upon intramuscular
injection of Exo/miR29 (Figure 4E). These data suggest that the

Figure 3. Exo/miR-29 Attenuated UUO-Induced Muscle Loss

Mice were injected with exosomes carrying either miR-control or miR-29. (A) Mice were injected in the left TA with Exo/miR29 labeled with 1 umol/L fluorescent lipophilic
tracer DIR at the same time as UUQ surgery. The injection was repeated once per week. The fluorescence was assessed in muscle at 14 days after injection. Panels from left
to right: sham operated with no exosome injection, UUO mouse at 14 days (twice injection) after DiR~Exo/miR29 injection, and sham operated with DiR~exosome injection.
In each pair, the left TA received the Exo/miR29 injection and the right did not. Fluorescent images were acquired using a Bruker Small Animal Optical Imaging System (In-Vivo
Xtreme ll). The white color indicates fluorescence level over maximal measurement limits. The picture with all organs compared is shown in Figure S1. The bar graph
compares fluorescence intensity from each muscle (bars: mean + SE; n = 3/group; *p < 0.05 versus sham injected muscle; *p < 0.05 versus sham non-injected muscle). (B)
Total RNA was isolated from TA of sham plus Exo/miR-ctrl (sham), sham plus Exo/miR29 (miR29), UUO plus Exo/miR-ctrl (UUO), and UUO plus Exo/miR-29 mice (UUO/29).
The expressions of miR-29a-3p, miR-29b-3p, and miR-29¢-3p were assayed by real-time gPCR. The bar graph shows expression levels of the three miRs in each treatment
group compared with levels in sham mice (represented by a line at 1-fold). Results are normalized to U6 (bars: mean + SE; n = 9/group; *p < 0.05 versus sham; *p < 0.05
versus UUQ). (C) The representative cross-sectional area of TA of sham plus Exo/miR-ctrl (sham), UUO plus Exo/miR-ctrl (UUO), and UUO plus Exo/miR-29 mice (UUO/29).
Cryosections of TA were immunostained with anti-laminin antibody. The bar graph shows the frequency distribution of fiber cross-sectional areas in sham (blue), UUO
(orange), and UUO/29 (green) mice (data are mean + SE; n = 6/group; *p < 0.05 versus sham; *p < 0.05 versus UUO). (D) Shown are representative western blots of the
muscle regeneration- and atrophy-related proteins myoD, myogenin, eMyHC, YY1, PTEN, MuRF1, and atrogin1 in muscle lysates from the different treatment groups of
mice. All blots were also probed for GAPDH, and all protein band densities have been normalized to their corresponding GAPDH loading control. The bar graph shows the fold
change of each protein band compared with levels in sham mice (represented by a line at 1-fold) (bars: mean = SE; n = 9/group; *p < 0.05 versus sham; *p < 0.05
versus UUO).
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decrease in renal fibrosis in miR-29-injected UUO mice may result, in
part, from suppressing the expression of TGF-f33.

DISCUSSION

The data from this study provide evidence that injection of exosome-
encapsulated miR-29 into the muscle of UUO mice reduced muscle
atrophy and attenuated kidney fibrosis by a mechanism that includes
downregulation of YY1 and TGF-f33.

Kidney fibrosis results from a number of pro-fibrotic factors. TGF-f3
and YY1 play an important role in the progress of renal fibrosis. miR-
29 has been shown to inhibit YY1,” and here we show that it can
inhibit TGF-B3. Transcription factor YY1 directly upregulates
aSMA and collagen;g inhibition of YY1 by miR-29 can limit fibrosis
in UUO kidney. TGF-B3 shares 70%-82% homology with TGF-p1
and TGF-B2 at the amino acid level.® All three isoforms bind to
TGEF-B receptor 2, which then recruits TGF-f3 receptor 1 to activate
SMAD-based or non-SMAD-based pathways, resulting in fibrosis.
Inhibition of TGF-B3 contributes to the observed decrease in renal
fibrosis. YYI and TGF-3 were decreased in the exosomes in circula-
tion following injection of Exo/miR29, suggesting that miR-29 is
actively altering levels of these two factors. More importantly, the
level of pro-fibrotic proteins in the kidney tissue was decreased
strongly, suggesting that Exo/miR29 was exerting an anti-fibrotic ef-
fect through altering YY1 and TGF-B3.

In our earlier publication we treated diabetic mice with a muscle
injection of AAV-microRNA and observed that this microRNA was
transported from muscle to kidney by exosomes.”” The current study
indicates that kidney fibrosis is reduced when muscle wasting is
reduced following treatment using injected exosomes containing
miR-29. The downstream kidney benefit suggests that the miR-29 in
the injected exosomes is functional. It is possible that when injected
into the muscle, some miR-29 enters the circulation, travels to the kid-
ney, and directly inhibits renal fibrosis, and this improvement amelio-
rates muscle wasting. Whether the Exo/miR29 goes to the kidney
directly or indirectly through muscle release, the result is reduction
of kidney fibrosis and limiting of muscle loss. Understanding the cause
and effect of this process will require further detailed investigation.

The ability to modify the exosome surface to target specific cells for
uptake has tremendous therapeutic promise.”® The engineered exo-

Molecular Therapy

some vectors that contain RVG target organs that express the acetyl-
choline receptor such as kidney and liver.”>* Given the large
perfusion of these organs with blood containing the exosomes, it is
not unexpected that exosomes would bind in both organs. Particu-
larly, liver has two blood supplies, the hepatic portal vein and the
hepatic arteries, which results in a high blood volume through this
organ.”” In addition, Kupffer cells, also known as stellate cells, are
specialized macrophages located in the liver that may have the ability
to phagocytose exosomes. This could be the reason that many exo-
somes accumulate in healthy liver. However, we found that damaged
organs, such as UUO kidneys, accumulate more Exo/miR29 than
non-injured organs. This tendency to accumulate in damaged tissue
suggests that, clinically, treatment with therapeutic exosomes could
result in higher levels of therapeutic miRs concentrated at damaged
kidney, which could aid in recovery from fibrotic lesions. We posit
that the damaged tissue creates a hierarchy for recruitment of
exosomes, and the injured kidney induces secretion of inflammatory
cytokines, leading to increased capillary permeability, which could be
the reason for more exosome uptake.”’

A limitation of this study is that the follow-up of the treatment was
relatively short. Indeed, renal fibrosis in the clinics is a progressive
process that is the consequence of most CKDs. Although the treat-
ment tested here in mice produced a decrease in renal fibrosis and
muscular atrophy over a 2-week period, the question that remains
is whether the beneficial effect would be observed in the long term.
Although promising as a potential therapy, a longer-term analysis
should be the focus of a future study.

In conclusion, injection of an engineered exosome containing miR-29
into TA in a mouse with UUO results in reduction of muscle wasting,
but also reduction of kidney fibrosis. The mechanism by which this
benefit was achieved involves limiting the TGF-f signaling pathway.
This study shows that engineered exosomes carrying microRNA can
be introduced into muscle and then target multiple tissues offering
potential treatment strategies for diseases with multiple organ failure.

MATERIALS AND METHODS

Animals and Unilateral Ureteral Obstruction Model

These experiments were approved by the Emory University Institu-
tional Animal Care and Use Committee (IACUC; protocol 4000152).
Two-month-old mice (C57BL/6]J) from Jackson Laboratories (Bar

Figure 4. Intramuscular Injection of Exo/miR29 Attenuated Renal Fibrosis in the Kidney of UUO Mice

Mice were injected with exosomes carrying either miR-control or miR-29. (A) Blood urea nitrogen was measured in sham plus Exo/miR-ctrl (sham), sham plus Exo/miR29
(miR29), UUO plus Exo/miR-ctrl (UUO), and UUO plus Exo/miR-29 mice (UUO/29). The bar graph shows the BLOOD UREA NITROGEN levels in each group compared with
levels in sham mice (represented by a line) (bars: mean + SE; n = 9/group; *p < 0.05 versus sham; *p < 0.05 versus UUO). (B) Shown is representative Masson’s trichrome
staining of paraffin sections from kidneys of the four treatment groups. (C) The bar graph shows collagen amount in Masson’s trichrome staining measured at days 3, 5, 7, and
14. Results show the fold change compared with sham levels represented by a line at 1-fold (bars: mean + SE; n = 6/group; *p < 0.05 versus control). (D) Representative
kidney cryosections in each group were immunostained with anti-alpha smooth muscle actin (¢-SMA) antibody. The bar graph shows «-SMA amount measured at day 7.
Results show the fold change compared with sham levels defined as 1-fold (bars: mean + SE; n = 6/group; *p < 0.05 versus control). (E) Shown are representative western
blots of fibrosis-related proteins, TGF-B1, TGFB-3, fibronectin, vimentin, collagen 1.1, collagen 4a.1, and YY1, in kidney lysates from different groups of mice. The bar graph
shows the fold change of the protein band compared with levels in sham mice represented by a line at 1-fold. All blots were also probed for GAPDH, and all protein band
densities have been normalized to their corresponding GAPDH loading control (bars: mean + SE; n = 9/group; *p < 0.05 versus sham; *p < 0.05 versus UUO).
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Harbor, ME, USA) were used for UUO surgery. The details of the UUO
surgery are provided in the Supplemental Materials and Methods. After
surgery, the body weight and food taken were measured three times per
week. The mice were terminated at 3, 7, 14, and 28 days after the UUO
operation. Blood urea nitrogen was measured with a BLOOD UREA
NITROGEN Kinetic Procedure Kit (Thermo Electron, Louisville,
CO, USA).

Generation of Exosome-Encapsulated miR-29

Primary mouse satellite cells were cultured in growth medium. At
60% confluence, the Lamp2b-RVG vector was transfected into the
cells using the Effectene transfection reagent (QIAGEN, Valencia,
CA, USA). Six hours after transfection, the cells were transduced
with Ad-miR29abc (adenovirus containing miR-29abl and miR-
29b2c¢).” Control cells were transduced with Ad-empty for production
of RVG-exosome-control (Exo/ctrl). Twenty-four hours after trans-
duction, the culture medium was exchanged for a medium with extra-
cellular vesicle free serum (EVFS) and cultured for an additional 48 h
to allow exosomes to be released into the medium. The RVG-exo-
somes enriched with miR-29abc (Exo/miR29) were harvested from
culture medium and re-suspended in PBS. Previous study showed
that RVG is located on the external exosome membrane.”’

Exosome Isolation, NanoSight Measurement, and In Vivo
Imaging

To isolate exosomes, we removed cell debris and non-exosome organ-
elles from either serum (diluted 5x with PBS) or culture medium
(undiluted) by centrifugation at 1,000 x g for 10 min at 4°C. The su-
pernatant fraction was further centrifuged at 16,000 x g for 30 min at
4°C. This second supernatant was sterile filtered through a 0.22-pm
filter. Exosomes were pelleted from this filtrate at 120,000 x g for
90 min at 4°C (L8-70M ultracentrifuge; Beckman-Coulter, Indianap-
olis, IN, USA). Exosome pellets were re-suspended in PBS, and
protein was quantified using a Bradford protein assay (Bio-Rad, Her-
cules, CA, USA). Exosome concentration and size (Figure 2B) were
measured using a nanoparticle tracking analysis (NanoSight NS300;
Malvern Instruments, Westborough, MA, USA). In vivo exosome
distribution (Figure S1) was determined with the Bruker Small Ani-
mal Optical Imaging System (In-Vivo Xtreme II; Bruker, Billerica,
MA, USA).

Molecular Therapy

Western Blot and Antibodies

Equal amounts of protein from TA or whole kidney were used for
western blots.”>*> We used 50 g for exosome protein loading
and 20 g for the skeletal muscle and kidney. Protein bands were
scanned and quantified using the Li-COR Odyssey infrared scan-
ning system (Li-COR Biosciences, Lincoln, NE, USA). Primary anti-
bodies (1:1,000 dilution except indicated): Akt (C67E7), p-Akt
Ser473(D9E), FoxO1(75D8), p-FoxO1(Thr24, #9464), pSmad2/
3(D27F4), and Smad2/3(D7G7) were from Cell Signaling (Danvers,
MA, USA). Type I collagen (catalog no. [Cat#] 131001; Southern
Biotech, Birmingham, AL, USA), PTEN (Cat# FL-403), and TSG
101 (C2) were from Santa Cruz (Santa Cruz, CA, USA); TGF-B
(Cat# AB-100-NA) was from R&D Systems (Minneapolis, MN,
USA); and GAPDH (Cat# MAB374) was from Millipore (Burlington,
MA, USA). COL4A1 (ab6586), GEP (ab1218), TRIM63/MuRF1
(ab77577), and FBXO32/atrogin-1 (abl168372) were from Abcam
(Cambridge, MA, USA); aSMA (A2547), fibronectin (F3648), and
vimentin (V2258) were from Sigma-Aldrich (St. Louis, MO, USA).
Protein bands were scanned and quantified using the Li-COR
Odpyssey infrared scanning system (Li-COR Biosciences, Lincoln,
NE, USA).

RNA Extraction and Real-Time qPCR

Exosomal RNA was isolated using an miRNeasy kit (217004;
QIAGEN Sciences, Germantown, MD, USA) and quantified using a
NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE,
USA). The miR primers were purchased from Exiqon. Real-time
qPCR was performed with the ExiLENT SYBR green master mix (Ex-
iqon Cat# 203421). The detail protocol on RT-PCR can be found in
the Supplemental Materials and Methods.”**> The detailed measure-
ment of mRNA repression is in the Supplemental Materials and
Methods, and the primer sequence is in Table 2.

Culture of Primary Muscle Satellite Cells

Satellite cells were isolated from the hindlimb muscles of 4-month-old
mice. A Skeletal Muscle Dissociation Kit (130-098-305; MACS; Mil-
tenyi Biotec, Auburn, CA, USA) was used to dissociate muscle tissue
into cell suspensions, and a Satellite Cell Isolation Kit (130-104-267;
MACS) was used to isolate satellite cells. Primary mouse satellite cells
were cultured in Ham’s F-10 Nutrient Mixture medium (Invitrogen)

Figure 5. Evidence of Exo/miR-29 in Kidney

Mice were injected with exosomes carrying either miR-control or miR-29. (A and B) Total RNA was isolated from (A) serum exosomes and (B) whole kidney of sham plus
Exo/miR-ctrl (sham), sham plus Exo/miR29 (miR29), UUO plus Exo/miR-ctrl (UUO), and UUO plus Exo/miR-29 mice (UUO/29). The expressions of miR-29a-3p, miR-29b-3p,
and miR-29c-3p were assayed by real-time gPCR. The bar graphs show miR expression of each group of mice compared with levels in control mice (represented by a line at
1-fold). (A) Bars represent mean + SE; n = 6/group. *p < 0.05 versus sham; *p < 0.05 versus UUO. Results are normalized to miR103a. (B) Bars represent mean =+ SE;
n = 6/group. *p < 0.05 versus sham; *p < 0.05 versus UUO; &0 < 0.05 versus miR29. Results are normalized to UB. (C) Mice were injected in the left TA with Exo/miR-29
labeled with 1 umol/L fluorescent lipophilic tracer DR at the same time as UUO surgery. The injection was repeated once per week. Shown are representative fluorescent
kidney images at 14 days that were acquired using a Bruker Small Animal Optical Imaging System. Panels from left to right: sham operated with no exosome injection, UUO
mouse with exosome injection, and sham-operated mouse with exosome injection. The bar graph shows fluorescence intensities of the kidneys. The original whole picture
was shown in Figure S1 (bars: mean = SE; n = 3/group; *p < 0.05, UUO versus sham mouse; “p < 0.05, UUO mouse obstructed kidney versus UUO mouse unobstructed
kidney). (D) Circulation exosomes from different group mice were solubilized in Laemmli sample buffer, and fibrosis-related proteins TGF-p1, TGF-B3, and YY1 were analyzed
by western blot. All blots were also probed for GAPDH, and all protein band densities have been normalized to their corresponding GAPDH loading control. The bar graph
shows the fold change of each protein band compared with levels in control plus Exo/miR-ctrl (represented by a line at 1-fold) (bars: mean + SE; n = 9/group; *p < 0.05 versus
UUO; #p < 0.05 versus sham).
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Figure 6. TGF-B3 Is Directly Targeted by miR-29

(A) Cultured HEK293 cells were treated with Ad-miR-ctrl (ctrl), Ad-miR29
(miR29), Ad-miR-ctrl + 10 ng/mL TGF-B (TGF-B), and Ad-miR-29 + TGF-B
(TGF-B/29). Total RNA was extracted from the cells 24 h after treatment. The
expressions of TGF-B1, TGF-B3, a-SMA, and collagen 1A1 (COL1A1) were
assayed by real-time qPCR. The bar graph shows mRNA from the cells of
each group compared with levels in Ad-miR-ctrl (represented by a line as
1-fold). Results are normalized to 18S (bars: mean + SE; n = 9/group; *p <
0.05 versus Exo/miR-ctrl; *o < 0.05 versus Exo/miR-ctrl + TGF-p). (B) The
fibrosis-related proteins TGF-B1, TGF-B3, SMAD 2/3, and phosphorylated
SMAD 2/3 (pSer465 or pSer423 SMAD2/3) and collagen 1A1 were measured
by western blotting in HEK293 cell lysates following the treatments described
in (A). The bar graph shows total proteins or the ratios of each phospho-SMAD
to total SMAD protein (p/t). All blots were also probed for GAPDH, and all
protein band densities have been normalized to their corresponding GAPDH
loading control. The fold change of the protein band or ratio is compared with
levels in control plus Exo/miR-ctrl (represented by a line at 1-fold) (bars:
mean + SE; n = 9/group; *p < 0.05 versus UUO; *#b < 0.05 versus sham). (C)
Luciferase assessment of miR-29 binding on 3 UTR of TGF-B3. HEK293
cells were transfected with luciferase control plasmid (pLuc-ctrl), a plasmid
containing the 3" UTR of TGF-B3 (pMIR-TGF-33/838-844), and a plasmid
containing mutated 3’ UTR of TGF-B3 (pMIR-mut-TGF-B3). Cells were co-
transfected with renilla Iuciferase. After 6 h, cells were transduced with
adenovirus containing miR29 (miR29) or control virus (MiR-ctrl), and luciferase
activity was assayed after an additional 24 h. Luciferase activity in cells that
received the pLuc-ctrl with miR-ctrl was designated as 100%. The other bars
show the response to miR-29 expressed as a percent of the control. Triplicate
determinations were made in each condition, and each experiment was
repeated a total of three times; the firefly luciferase (FFL) results were
normalized by renilla luciferase (RL) activity. Data are mean + SE; n=9. *p <
0.05 versus pLuc+Ad-ctrl.
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Table 2. Primer Sequences

Name Sequences Amplicon Code
forward: 5'-AGGTCACCCGCGTGCTAAT-3'

TGF-B1 306 NM_011577
reverse: 5'-TCAGCCACTGCCGGACAACT-3'
forward: 5'-GAGAAGCCCAGCCAGTCG-3

a-SMA 240 NM_007392.3
reverse: 5'-CTCTTGCTCTGGGCTTCA-3'
forward: 5'-TGAGTTCATGCACCCTCTTG-3'

TGEF-B3 170 NM_009368.3
reverse: 5'-AGGACTACCAGAGCCCTTTG-3
forward: 5'-GTCCCAACCCCCAAAGAC-3'

COL1A1 78 NM_007742.3
reverse: 5'-CATCTTCTGAGTTTGGTGATACGT-3'
forward: 5'-CCA GAG CGA AAG CAT TTG CCA AGA-3'

18§ 101 X00686

reverse: 5'-TCG GCA TCG TTT ATG GTC GGA ACT-3'

with 20% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin (growth medium). Myotube differentiation was in-
hibited by the addition of 5 ng/mL human B-fibroblast growth factor
(FGF; Atlanta Biologicals, Atlanta, GA, USA) to the media. Primary
mouse satellite cells were differentiated to myotubes by removing
FGF. The detailed protocol on satellite cells culture can be found in
the Supplemental Materials and Methods.***” The Effectene transfec-
tion reagent (QIAGEN, Valencia, CA, USA) was used to introduce
the targeting vectors.

Muscle and Kidney Histology

Kidneys were fixed in 3.7% formaldehyde/PBS (pH 7.4) and dehy-
drated, paraffin embedded, and sectioned. Masson’s trichromatic
staining was performed with a Masson’s modified IMEB stain
kit (K7298; IMEB, San Marcos, CA, USA). Images were visualized
with an Olympus 1X 51 inverted microscope and captured by
DP73-1-51-17MP color camera.”’ Collagen (blue color) in kidney
was measured using the CellSens Dimension 1.9 Software
(Olympus, Melville, NY, USA), and color density was calculated
as the average from 10 individual fields. For skeletal muscle immu-
nohistology, muscles were embedded in Tissue Freezing Media
(Cat# H-TFM; Fisher, Pittsburgh, PA, USA) by immersing in
isopentane cooled in dry ice. Cross sections (10 mm) from the
mid-belly of different muscles were mounted on gelatin-coated
slides and fixed in 4% paraformaldehyde. Muscle fiber cross-
sectional area was determined in TA using an anti-laminin antibody
(1:50 dilution; Sigma-Aldrich), and at least 500 individual myofibers
per muscle were measured. All histological analysis was performed
in a blinded fashion.

Luciferase Reporter Assay and Transfection

Effectene transfection reagent was used for transfection (QIAGEN,
Valencia, CA, USA). Firefly and Renilla luciferase activities were
measured by dual-luciferase assays (Promega) using TD-20/20
Luminometer (Turner Designs, Sunnyvale, CA, USA).S(’ The lucif-
erase report vectors (pMIR-REPORT Luciferase) were purchased
from Applied Biosystems (Waltham, MA, USA), and constructs
were made by Emory Integrated Genomics Core.
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Statistical Analysis

Data were presented as mean + SE. To identify significant differences
between two groups, we made comparisons by using the Student’s
t test. When multiple treatments were compared, ANOVA was
performed with a post hoc analysis by the Student-Newman-Keuls
test. The Shapiro-Wilk test for non-normality of the ANOVA
residuals was not statistically significant. The relationship between
muscle and kidney fluorescence intensity was calculated by linear
regression modeling. Differences with p values <0.05 were considered
significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental
Materials and Methods and can be found with this article online at
https://doi.org/10.1016/j.ymthe.2019.01.008.
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