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Exosome-mediated nucleic acids delivery has been emerging as a
promising strategy for gene therapy. However, the intrinsic off-
target effects due to non-specific uptake of exosomes by other tis-
sues remain the big hurdle for clinical application. In this study,
we aimed to enhance the efficacy and minimize the off-target
effects by simultaneously encapsulating engineered mRNA
translationally activated by tissue-specific microRNA (miRNA)
and increasing targeted delivery efficiency via ultrasound-tar-
geted microbubble destruction (UTMD). Briefly, the upstream
of interest transcript was engineered to harbor an internal ribo-
some entry site (IRES) modified with two miRNA recognition
sites. In vitro reporter experiments revealed that the engineered
mRNA could be encapsulated into exosomes and can be transla-
tionally activated by corresponding miRNAs in the recipient
cells. By a proof-of-principle in vivo experiment, we encapsu-
lated miR-148a (an adipose relatively specific miRNA)-respon-
sive PGC1a mRNA into exosomes and delivered the exosomes
into the adipose tissue with the aid of UTMD. Efficient
PGC1a translation was activated in the adipose tissue, together
with obvious browning induction. Moreover, there was much
lower off-target translation of PGC1a in lungs and other tissues.
Taken together, our study establishes a novel adipose-specific
exosome delivery strategy to enhance efficacy and minimize
off-target effects simultaneously.

INTRODUCTION
Exosomes, which are cell-derived vesicles 30–150 nm in diameter, are
emerging as a promising drug carrier for gene therapy.1 Briefly, the
nucleic acids of interest could be either loaded by electroporation in
the isolated exosomes or encapsulated during exosome biogenesis
in the donor cells.2,3 Theoretically, both the non-coding RNAs and
mRNAs could be loaded into the exosomes for gene therapy, although
most of the studies focused on the non-coding RNAs.

Compared to chemically synthesized nanoparticles, exosomes have
been reported to be resistant to clearance by the reticuloendothelial sys-
tem and be able to cross multiple biological barriers.3,4 However, there
are still abundant exosomes delivered that are found in tissues other
than the targeted organ, even when the targeting moieties are included.
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Therapeutically minimizing the non-specific off-target effects is of
great importance for future clinical application.

Besides targeted delivery, tissue-specific expression of the delivered
genes holds promise for minimizing the off-target effects at another
layer. Previously, tissue-specific promoters have been commonly used
for conditional gene expression, although the strategy controls gene
expression at the transcriptional level and only works when DNA is
delivered.5 Tissue-specific control of gene expression at the translational
level would allow the delivered RNA to only work in the targeted tissue.
Formerly, liver-specific miRNA-122 (miR-122) was found to recognize
two conserved sites at the IRES region of the 50 end of the hepatitis C
virus (HCV) genome, and thus regulates the stability, translation, and
replication of the viral RNA.6 The data suggest that mRNA could be
modified to be regulated by tissue-specificmiRNAs, and thus its expres-
sion could be controlled in a tissue-specific manner.

In this study, we aimed to minimize the off-target effects by simulta-
neously encapsulating engineered mRNA translationally activated by
tissue-specific miRNA and by increasing targeted delivery efficiency
via ultrasound-targeted microbubble destruction (UTMD). By a
proof-of-principle experiment, we encapsulated miR-148a (an adi-
pose relatively specific miRNA)-responsive PGC1a mRNA into
exosomes and delivered the exosomes into the visceral adipose tissue
with the aid of UTMD. Efficient PGC1a translation was activated in
the adipose tissue, together with obvious browning induction. More-
over, there was much lower off-target translation of PGC1a in the
lungs. Taken together, our study establishes a novel exosome delivery
strategy to minimize off-target effects.
uthor(s).
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Figure 1. Construction ofmiRNA-ResponsivemRNA

Translation System

(A) Schematic cartoon of the reporter gene whose trans-

lation is driven by the HCV IRES. (B) The native miR-122

recognition sites S1 and S2 of the HCV IRES were

mutated to the sequence recognized by miR-21a. (C)

Theoretical conformational change of the IRES structure

in the presence of miR-21a. (D) Relative luciferase activity

of the reporter gene. Data are expressed as mean ± SEM.

*p < 0.05 versus NC.
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RESULTS
Construction of miRNA-Responsive mRNA Translation System

RNA delivery holds great promise for gene therapy; however, specif-
ically activating mRNA translation in a cell type-specific manner re-
mains a challenge. Previous studies have found that miRNA expres-
sion displays a cell type-specific pattern.7 Meanwhile, miRNAs have
been found to activate IRES-mediated translation during virus infec-
tion.8 To further confirm whether miRNAs could activate IRES-
mediated translation in a sequence-dependent manner as a universal
rule, a luciferase based reporter assay was included. An IRES sequence
was engineered upstream of the luciferase coding sequence (CDS) in
the reporter plasmid by molecular cloning (Figure 1A). For miRNA-
specific activation, the sequences of sites 1 and 2 (denoted as S1 and
S2 hereafter) corresponding to the HCV-IRES region in the reporter
plasmid were mutated to be recognition sites for miRNAs of interest,
such as miR-21a (Figure 1B). The resultant miR-21a-responsive
IRES-Luc reporter was denoted as miR-21a-IRES-Luc. Theoretically,
miR-21a binding to the S1 and S2 regions would induce a conforma-
tional change of the IRES, and thus affect the RNA stability and trans-
lation efficiency (Figures 1B and 1C). As expected, co-transfection of
miR-21a and miR-21a-IRES-Luc significantly increased the relative
luciferase activity, whereas the negative control (NC) miRNAmimics
had minimal effects (Figure 1D). Similarly, the S1 and S2 sequences
were mutated to miR-211 and miR-148a recognition sites, and co-
transfection of corresponding miRNAs significantly increased the
luciferase activity (Figures S1A–S2C and S2A–S2C). All of the above
data suggest that miRNA could activate IRES-mediated translation in
a sequence-specific manner.

Next, we asked whether the IRES-Luc translation system could
respond differently in cell types with differential miRNA expression.
B16 cells had significantly higher expression of miR-21a compared
with HEK293T cells (Figure S3A). Accordingly, the miR-21a-IRES-
Luc reporter had a much higher luciferase activity in the B16 cells,
compared with that in the HEK293T cells (Figure S3B).
Molecular T
Encapsulation of the miRNA-Responsive

mRNA Translation System into Exosomes

The above data suggest that delivery of miRNA-
IRES-mRNA might be responsive in a cell type-
specific manner in vivo. To deliver the miRNA-
IRES-mRNA in vivo, we focused on the
exosome system. Exosome packaging
HEK293T cells were transfected with the IRES-
Luc reporter plasmid before exosome isolation (Figure 2A). The iso-
lated exosomes had typical exosome morphology, size distribution,
and protein markers (Figures 2B–2D). As expected, the isolated exo-
somes had robust IRES-Luc mRNA encapsulation (Figure 2E). More-
over, absolute quantification PCR analysis revealed that there were
about 50–70 mRNA copies encapsulated per 100 exosomes.

Next, we asked whether the exosome-encapsulated IRES-Luc mRNA
was functional and responsive to the correspondingmiRNA. Exosomes
loadedwithmiR-21a-IRES-Lucor controlCap-Luc (without IRES)were
isolated and separately added intoHEK293T or B16 cells, and exosomes
loaded with RenillamRNA (derived from the pRL-TK-transfected cells)
acted as the internal control. After exosomes were added, the miR-21a
mimics or inhibitors were transfected (Figure 3A). Exosomes loaded
with Cap-Luc produced similar luciferase activity in both cells, which
was not affected by miR-21a intervention (Figures 3B and 3C). Treat-
ment of exosomes loaded with miR-21a-IRES-Luc produced much
lower luciferaseactivity inHEK293Tcells,whereasmiR-21a transfection
significantly enhanced the luciferase activity (Figure 3B). In contrast,
treatment of exosomes loadedwithmiR-21a-IRES-Luc produced robust
luciferase activity in B16 cells, while miR-21a inhibition significantly
blocked the luciferase activity (Figure 3C).

To further exclude the possibility that the differences were caused by
the encapsulated luciferase protein, the miR-21a-IRES-GFP expres-
sion system was included. In the miR-21a-IRES-GFP system, the
firefly luciferase open reading frame (ORF) was replaced by the GFP
ORF. After isolation of the exosomes frommiR-21a-IRES-GFP-trans-
fected HEK293T cells, the exosomes were exposed to light for 12 h to
photo-quench the GFP protein (Figure 3D). Then, the exosomes were
added to HEK293T cells and detected by confocal laser scanning mi-
croscopy (CLSM) right after co-culture or 24-h co-culture (Figure 3D).
As expected, the photo-quenched exosomes had no obvious GFP
signal right after incubation. However, there was significant GFP
herapy: Nucleic Acids Vol. 20 June 2020 559
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Figure 2. Encapsulation of the miRNA-Responsive

mRNA Translation System into Exosomes

(A) Schematic illustration of the exosome biogenesis and

isolation procedure. (B) Representative transmission

electron microscopy (TEM) image of the isolated exo-

somes. (C) Size distribution of the isolated exosomes. (D)

Western blot analysis of the exosomal inclusive (TSG101,

CD9) and exclusive (GM130) markers. Representative

images of three different experiments are shown. (E)

qPCR analysis of miR-21a-IRES-Luc mRNA in exosomes

isolated from control and miR-21a-IRES-Luc plasmid-

transfected HEK293T cells. Data are expressed as

mean ± SEM of three independent experiments. ***p <

0.001 versus empty vector. ND, not detected.
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expression in the B16 cells following 24-h culture (Figure 3E). Consis-
tent with the luciferase data, treatment of the exosomes loaded with
miR-21a-IRES-GFP produced no obvious GFP expression in the
HEK293T cells (Figures S4A and S4B), while miR-21a transfection
significantly activated the GFP expression (Figure S4B). All of the
above data indicate that the encapsulated miRNA-IRES-mRNA is
functional in the recipient cells when the corresponding miRNA is
endogenously abundant.

UTMD Assists Adipose Delivery of Exosomes

In view of the above data, we speculated that delivery of IRES-mRNA
responding to tissue-specific miRNA in vivo could minimize the off-
target effects. Consistent with previous studies, exosomes were pref-
erentially localized in the liver, spleen, and lung (Figure S5A),
whereas adipose tissue was intrinsically resistant to exosome delivery
(Figures 4A and 4B). To this end, the UTMD technique was used to
facilitate the exosome delivery to these refractory tissues.9 Consistent
with our previous findings, delivery of exosomes to the organs, such
as the heart, liver, and spleen, was enhanced when they received irra-
diation (Figure S5A). Similarly, UTMD also significantly increased
the delivery of exosomes into the adipose tissue (Figures 4B and
4C). Moreover, the local UTMD in the left side of the omental tissue
region had minimal effects on the exosome delivery into liver, spleen,
and lung, as well as the intestine beyond the irradiated region, as re-
vealed by cel-miR-39 tracking (Figures 4D and 4E). Notably, ultra-
sound can pierce through tissues, and thus an increase of exosome
delivery in the irradiated small intestine was also observed (Fig-
ure S5A), suggesting that additional off-target prevention strategies
are strongly needed.
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Delivery of miR-148a-IRES-PGC1a

Minimizes the Off-Target Effects

miR-148a was found to be abundantly expressed
in the adipose tissue, and it functions impor-
tantly in adipogenesis.10 qPCR profiling data
further confirmed the relatively high specificity
of miR-148a in adipose tissue in both chow
diet and high fat-diet (HFD) mice (Figures 5A
and 5B), suggesting that miR-148a-IRES-
mRNA might be translationally active in adi-
pose tissue. Previous studies have found that PGC1a is an essential
transcription factor for fat browning.11 We thus asked whether deliv-
ery of miR-148a-responsive IRES-PGC1a could induce fat browning
in vivo efficiently while having minimal off-target effects. The PGC1a
ORF was placed downstream of the miR-148a-IRES, with the clone
being denoted as miR-148a-IRES-PGC1a hereafter (Figure 5C).
Followed by miR-148a transfection, robust translation of PGC1a
was induced in B16 cells transfected with miR-148a-IRES-PGC1a
expression plasmid (Figure 5D), to a similar level as the common
cap-dependent PGC1a expression system.

To deliver miR-148a-IRES-PGC1a in vivo, miR-148a-IRES-PGC1a
expression plasmid was transfected into HEK293T cells, and the
empty plasmid and routine PGC1a expression plasmid without
IRES (namely Cap-PGC1a) served as controls, followed by exosome
isolation (Figure 6A). As expected, miR-148a-IRES-PGC1a mRNA
was enriched in the exosomes derived from the HEK293T cells trans-
fected with miR-148a-IRES-PGC1a (Figure 6B). Similar PGC1a
RNA levels were found in exosomes derived from cells transfected
with either miR-148a-IRES-PGC1a or Cap-PGC1a (Figure 6B). In
contrast, no PGC1a protein was found in any of the exosomes, which
might be explained by the nuclear localization of PGC1a (Figure S6A).
In the following experiments, we delivered the exosomes loaded with
miR-148a-IRES-PGC1a or Cap-PGC1a into adipose tissue with the
aid of UTMD. In the adipose tissue of mice treated with exosomes
loaded with miR-148a-IRES-PGC1a or Cap-PGC1a, there was a
significant increase of PGC1a protein expression (Figure 6C). With
regard to the lung tissue, which had low miR-148a expression (Fig-
ures 5A and 5B), PGC1a translation was only induced in mice treated



Figure 3. Exosome-Encapsulated miRNA-

ResponsivemRNA Translation System Is Functional

in Recipient Cells

(A) Schematic illustration of the experimental procedure.

HEK293T cells were transfected with control Luc

expression plasmid (Cap-Luc) or miR-21a-IRES-Luc

plasmid, and switched to DMEMmedium without FBS for

additional culture of 36 h before exosome isolation. The

isolated exosomes thus contained Cap-Luc or miR-21a-

IRES-Luc, respectively. The pRL-TK-transfected

HEK293T cells were used for isolation of Cap-Renilla Luc-

containing exosomes. About 50 ng of isolated exosomes

(30 ng of exosomes of Cap Luc or miR-21a-IRES-Luc,

plus 20 ng of exosomes of Cap-Renilla Luc) was added

into HEK293T cells placed in 24-well plates and co-

transfected with miR-21a mimics. The luciferase activity

was analyzed 24 h after exosome treatment. (B and C)

Relative luciferase activity in HEK293T (B) and B16 (C)

cells treated as indicated. Data are expressed as mean-

±SEM. *p < 0.05 versus NC. (D) Schematic illustration of

the experimental procedure. Luciferase ORF in the miR-

21a-IRES-Luc plasmid was replaced with GFP ORF.

Additionally, the exosomes from miR-21a-IRES-Luc-

transfected HEK293T cells were photo-quenched by

exposing the exosomes to blue light for 12 h. Then, the

exosomes were added to B16 cells. The GFP expression

was analyzed right after exosome addition and 24 h later.

(E) Representative images of the GFP expression in B16

cells. Scale bar, 20 mm.
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with the Cap-PGC1a exosome group (Figure 6D), suggesting mini-
mized off-target effects of the miR-148a-IRES-PGC1a group in the
lung. Similarly, significantly smaller off-target effects were also
observed in other organs, such as spleen and kidney (Figure S6B),
whereas no obvious reduced off-target effects were observed in liver
and heart (Figure S6B), which could be explained by similar miR-
148a expression in liver (Figures 5A and 5B) and low delivery effi-
ciency in the heart (Figures 5A and 5B). Since exosomes were intrin-
sically delivered into liver, spleen, and lung, we thus examined the po-
tential toxic effects in these organs. H&E staining revealed that no
obvious inflammation or other damages were observed even in the
UTMD-assisted Cap-PGC1a group (Figure S7), further suggesting
that the proposed exosome-based strategy should be considered as
one of the safest strategies to deliver nucleic acids.

Adipose-SpecificPGC1aExpressionPromotesBrowning inHFD

Mice

Next, we asked whether delivery of mIRES-PGC1a produced similar
browning effects as delivery of Cap-PGC1a. Mice were fed with a
Molecular T
HFD for 3 weeks, followed by UTMD-assisted
exosome delivery. The exosome delivery was
performed once a week for 3 continuous weeks
(Figure 7A). As shown in Figure 7B, delivery
of miR-148a-IRES-PGC1a and delivery of
Cap-PGC1a produced significant browning ef-
fects, although the extent showed no significant
differences. Consistent with the H&E staining results, the body weight
displayed a significant decrease in mice delivered with miR-148a-
IRES-PGC1a- or Cap-PGC1a-loaded exosomes (Figure 7C), while
the food intake had no significant differences (Figure 7D). Moreover,
the expression of Ucp1 and Cidea (two known important markers for
brown fat) were also increased to a similar level in the adipose
tissue of mice delivered with miR-148a-IRES-PGC1a- or Cap-
PGC1a-loaded exosomes (Figures 7E and 7F). UCP1 immunostain-
ing further confirmed the above findings (Figure S8). Taken together,
these data revealed that delivery of miR-148a-IRES-PGC1a mRNA-
loaded exosomes in the adipose tissue produced obvious browning ef-
fects with the expected low off-target effects (Figure 7G).

DISCUSSION
To minimize off-target effects, in this study, we developed a novel
drug delivery strategy. The main findings of the study include the
following: (1) a tissue-specific miRNA translationally activates
IRES-modified mRNA when the upstream of the IRES is engineered
to be responsive to the miRNA; (2) the engineered mRNA could be
herapy: Nucleic Acids Vol. 20 June 2020 561
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Figure 4. UTMD Assisted Adipose Delivery of

Exosomes

(A) Schematic illustration of the experimental procedure.

Exosomes were labeled with DiR or DiI and then mixed

with ultrasound microbubbles. Adipose delivery of exo-

somes was assisted by UTMD conducted in the abdom-

inal region. (B) Ex vivo imaging of distribution of DiR-

labeled exosomes in the adipose tissue with or without

UTMD assistance data are expressed as mean ± SEM of

three independent experiments. *p < 0.05 versus no

UTMD. (C) Confocal microscopy analysis of distribution of

DiI-labeled exosomes in the adipose tissue. Representa-

tive images of the data of three mice in each group are

shown. (D) Schematic illustration of the experimental

procedure. Exosomes were encapsulated with cel-miR-

39, and then the exosomes were mixed with ultrasound

microbubbles. Adipose delivery of exosomes was as-

sisted by UTMD conducted in the abdominal region. (E)

qPCR analysis of cel-miR-39 expression in heart, adipose

tissue, lung, spleen, liver, colon, and kidney after exosome

delivery in vivo with or without UTMD assistance. Data are

expressed as mean ± SEM of the results of three mice in

each group. *p < 0.05 versus no UTMD.
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efficiently encapsulated into functional exosomes and thus able to be
translated in the recipient cells; and (3) exosomes encapsulated with
miR-148a (an adipose relatively specific miRNA)-responsive PGC1a
mRNA could efficiently and specifically activate fat browning when
delivered with the aid of UTMD.

Obesity has become a world-wide health burden, which raises the risk
for metabolic diseases, cardiovascular diseases, and even cancer.12

Great advances in understanding the molecular basis of obesity and
obesity-associated diseases have been achieved in the past 10 years,
making gene therapy a candidate approach for coping with this
world-wide problem.13 Gene therapies for obesity that aim to pro-
mote lipolysis and energy expenditure, and to induce fat browning,
have been attracting much attention.14 Among the candidates,
PGC1a has been considered as the most appealing one, due to its
great role in promoting mitochondria biogenesis and co-activating
PRDM16, an essential transcription factor for brown fat induction
and maintenance.15 Efficient and specific delivery of PGC1a in white
adipose tissue would be a promising strategy to cope with obesity.
With the strategy referred to above, we revealed that PGC1a could
be topically delivered and thus safely reduce the fat weight in the tar-
geted region.

Efficient and targeted delivery of nucleic acids is a prerequisite for
gene therapy.16–18 Canonical drug carriers, such as viruses, liposomes,
562 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
and ultrasound microbubbles, have been exten-
sively studied.19,20 Taking viruses as an example,
genes of interest could be cloned into a virus and
thus become functional when the virus infects
the target cells. In the virus system, the virus
could be tuned to increase the target specificity,
and the tissue-specific promoter could be used to additionally avoid
the off-target effects.21 However, the potential carcinogenic risk of vi-
rus vectors has limited their clinical applications.22 Natural exosomes
from many tissues or cells have been confirmed to be candidate ther-
apeutic vehicles for many different diseases.23 Exosomes could cross
the blood-brain barrier and maternal-placental barrier, making it a
rational vehicle for different diseases.24,25 Moreover, exosomes could
be also manipulated by surface functionalization to improve targeting
specificity. However, such engineering is time-consuming. Our pre-
sent study revealed that the clinically available diagnostic microbub-
ble SonoVue significantly increased the endocytosis of exosomes in
the adipose tissues, which means that smaller amounts of exosomes
are needed. The strategy is ready for use for all tissues, only if the ul-
trasound beam could be achieved. As to the mechanism for why
UTMD facilitates exosome delivery in refractory tissues, we prefer
the model that the microbubble destruction resultant cavitation effect
is able to enhance cell membrane permeability, which in turn not only
slows the local blood flow, but also activates the uptake activity and
efficiency of recipient cells. In any event, the proposed strategy should
have broad potential for use in the clinic. Notably, there are no clinical
applications of exosomes reported at this time. With the advance of
exosomes in gene therapy, the ultrasound-assisted delivery strategy
would be right on the shelf to serve as an alternative to improve the
targeted delivery and thus reduce the off-target effects via minimizing
the dose used.



Figure 5. Construction of Adipose-Specific

Translation System for PGC1a mRNA

(A and B) qPCR analysis of miR-148a expression in

different tissues of chow diet (A) and high-fat diet (B) mice.

Data are expressed as mean ± SEM of three biological

replicates. (C) Schematic cartoon of the PGC1a expres-

sion system whose translation is driven by the miR-148a-

IRES. (D) Western blot analysis of PGC1a in B16 cells with

indicated treatments. GAPDH served as internal control.

Representative image of three biological replicates are

shown.
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For tissue-responsive delivery, promoter-specific gene delivery is a
choice, while the delivered cargo should be DNA and thus should
be delivered into the nuclei.26 The delivered DNA is immunogenic
in cytoplasm before its entry into the nuclei. We here for the first
time have established a miRNA-responsive IRES system. IRES has
been found to be essential for virus replication. Intensive studies
have been performed to inhibit viral replication via targeting
IRES activity.27–29 Similarly, IRES-dependent translation has also
been found to be important for the expression of some oncogenes,
such as myc, and epidermal growth factor receptor during the
development of tumors.30–32 Some pioneering studies have devel-
oped a novel strategy to selectively suppressing IRES-driven onco-
genic or other pathogenic gene translation based on delivery of
disease-specific miRNAs.33 In contrast, in this study, we developed
an IRES-dependent targeted gene expression system by combina-
torial use of the tissue-specific miRNA expression pattern.
Together with the exosome delivery system, the novel
strategy should significantly minimize the off-target effects of
gene therapy.

In conclusion, our study for the first time revealed that targeted
delivery of exosomes aided by UTMD together with the miRNA-
IRES-dependent tissue-specific expression system would induce
gene expression in targeted tissues while greatly minimizing the
off-target effects in non-targeted tissues, which is of great clinical
potential. As a proof-of-concept study, we also found that specif-
ically and efficiently activating PGC1a translation in the adipose
tissue is a potent strategy to induce fat browning and holds promise
for obesity therapy.
MATERIALS AND METHODS
Animal Housing

Male C57BL/6 mice (8–10 weeks old, 20–22 g) were purchased from
the Experimental Animal Center of the Fourth Military Medical Uni-
versity. Mice were maintained under specific pathogen-free condi-
tions with a 12-h light/12-h dark cycle and the temperature kept
Molecular T
between 22�C and 24�C. For obesity induction,
6- to 8-week-old male mice were fed with a 45%
HFD. All experimental procedures were per-
formed in accordance with guidelines and protocols approved by
the Institutional Animal Experiment Administration Committee.

Cell Culture

HEK293T and B16 cells were purchased from ATCC and cultured in
DMEM medium (HyClone, Logan, UT, USA) with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (HyClone). The cells
were maintained in a humidified incubator with 5% CO2 at 37�C, with
themediumchanged every 2days andpassaged at the confluenceof 90%.

Plasmid Construction

Plasmids expressing GFP, firefly luciferase, and Pgc1a engineered with
modified IRES responsive to selected miRNAs were constructed as fol-
lows. First, the modified IRES sequences with miRNA recognition sites
and flanking cloning sites were designed and synthesized in GenScript,
followed by cloning into pcDNA3.1. Then, the CDS regions of GFP,
firefly luciferase, and Pgc1a were amplified by PCR with primers
harboring restriction enzyme sites EcoRV and BamH1. Then, the am-
plicons were cloned into the IRES containing pcDNA3.1 plasmid. The
right clones were further confirmed by sequencing. The detailed
primers and sequences are listed in Tables S1 and S2.

Fluorescence Microscopy

For fluorescence microscopy analysis of tissues, OCT compound-
embedded tissues were cut into 8-mm slides and fixed in 4% parafor-
maldehyde for 20 min at room temperature. After a PBS wash, the
slides were incubated with 1 mg/mL Hoechst 33258 for 15 min to
counterstain the nuclei. Fluorescence analysis was performed with a
confocal laser scanning microscope (Eclipse Ti, Nikon, Tokyo,
Japan). For fluorescence microscopy analysis of cells, cultured cells
were fixed with 4% paraformaldehyde for 20 min at room tempera-
ture, followed by the similar procedure as used for the tissues.

Western Blot

Exosomes, cells, or tissues after indicated treatments were harvested
and subjected to radioimmunoprecipitation assay (RIPA) lysis buffer
herapy: Nucleic Acids Vol. 20 June 2020 563
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Figure 6. Adipose-Specific Translation of Delivered

miR-148a-IRES-PGC1a mRNA In Vivo

(A) Schematic illustration of the experimental procedure.

HEK293T cells were transfected with empty vector,

routine PGC1a expression vector, or miR-148a-IRES-

PGC1a expression vector, followed by exosome isolation

and analysis. (B) qPCR analysis of the PGC1a mRNA in

the isolated exosomes. Data are expressed as mean ±

SEM of three biological replicates. (C and D) Western blot

analysis of the PGC1a expression in the adipose tissue (C)

and lung (D). GAPDH served as internal control. Data

presented are representative of experiments of three mice

in each group.
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(Beyotime Biotechnology, China) supplemented with protease inhib-
itor cocktail (Roche). Purified protein was separated in 12% SDS-
PAGE (120 V for stacking gel and 160 V for separation gel) and
then transferred to a nitrocellulose membrane with an ice bath. The
nitrocellulose membrane was blocked with 5% bovine serum albumin
for 1 h and then incubated overnight with primary antibodies at 4�C.
Antibodies used were mouse anti-GM130, rabbit anti-CD9, rabbit
anti-TSG101, rabbit anti-PGC1a, and rabbit anti-GAPDH (all from
Abcam). The membrane was then incubated for 1 h with the corre-
sponding secondary antibodies at room temperature and visualized
using the enhanced chemiluminescence (ECL) Prime western blot-
ting detection reagent (GE Healthcare, Buckinghamshire, UK).

H&E Staining

The mice were intraperitoneally anesthetized with 120 mg/kg body
weight ketamine and 24 mg/kg body weight xylazine in a vehicle con-
taining 0.9% sodium chloride. After complete anesthesia, the mouse
thorax was opened and perfused with 4% paraformaldehyde from
the apex of the mouse. After perfusion, the adipose tissue was
removed and soaked in 4% paraformaldehyde for 24 h. The tissues
were placed in the embedding box and rinsed with running water
for 30 min. After serial processing, including dehydration, transpar-
ency, waxing, embedding, and sectioning, the slides were subjected
to H&E staining. Images were observed under a light microscope
(Nikon).

qPCR

Total RNA was extracted from the isolated tissues, cells, or exosomes
after indicated treatments by TRIzol reagent (Invitrogen, Carlsbad,
564 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
CA, USA) according to the manufacturer’s in-
structions. Then, the RNA was reverse tran-
scribed to cDNA using a PrimeScript first-
strand cDNA synthesis kit (Takara, Dalian,
China), and the relative gene expression at the
mRNA level was analyzed using PrimeScript
RT master mix (Roche, Switzerland). All PCR
reactions were run at least in triplicate, and
target mRNA expression was normalized to
GAPDH. Relative expression was calculated by
normalizing to the control samples using the
2�DDCt method. Absolute quantification PCR analysis of the mRNA
copies encapsulated in the exosomes was done as described
previously.34

Cell Transfection

For cell transfection, HEK293T cells or B16 cells seeded in six-well
plates were pretreated with serum-free medium for 6 h and then
transfected with 4 mg of plasmid and/or 100 nM miRNAs (detailed
sequences in Table S3) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol. The
mediumwas changed to culture medium 6 h later and cells were addi-
tionally incubated at 37�C, 5%CO2 for either gene expression analysis
or in serum-free medium for exosome isolation.

Luciferase Reporter Assay

HEK293T cells seeded in 24-well plates were pretreated with serum-
free medium for 6 h and then transfected with 100 nM NC/miRNA
mimics, 100 ng of corresponding IRES-Luc reporter plasmid, and
10 ng of internal control pRL-TK (Renilla luciferase driven by the her-
pes simplex virus [HSV]-thymidine kinase promoter) using Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s protocol. The medium was changed to culture medium 6 h
later and cells were harvested 24 h later and subjected to passive lysis
buffer as instructed. The relative luciferase activity assay was done as
described.35

Exosome Isolation

HEK293T cells were used as the exosome donor cells in the study.
Briefly, the complete growth medium was changed with serum-free



Figure 7. Delivery of mIRES-PGC1a mRNA

Efficiently Promotes Browning in High-Fat DietMice

(A) Schematic illustration of the experimental procedure.

Mice were fed with a high-fat diet for 3 weeks, followed by

exosome delivery with the aid of UTMD. The exosome

delivery was performed once a week for 3 continuous

weeks. Mice were sacrificed at the end of experiments for

histology and gene expression. (B) H&E staining of the

adipose tissue in mice treated as indicated. Smaller

browning adipocytes are indicated by arrows. Scale bar,

50 mm. Data shown are representative of five to seven

mice in each group. (C) Body weight in mice treated as

indicated. Data are expressed as mean ± SEM of seven

mice in each group. *p < 0.05 by one-way ANOVA. (D)

Food intake in mice treated as indicated. Data are ex-

pressed asmean ± SEM of sevenmice in each group. *p <

0.05 by one-way ANOVA. (E and F) qPCR analysis of

Ucp1 (E) and Cidea (F) expression in adipose tissue.

Gapdh served as internal control. Data are expressed as

mean ± SEM of three mice in each group. *p < 0.05 by

one-way ANOVA. (G) Schematic illustration of the study.
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medium when the cell density reached 70% confluence. For the isola-
tion of exosomes, the culture medium was centrifuged at 500 � g for
10 min to remove cells and then at 10,000� g for 20 min to eliminate
the cell debris. Then, the supernatants were filtered through 0.45-mm
filters, followed by exosome isolation with an ExoQuick-TC kit. Iso-
lated exosomes from different sources were diluted to 500 ng/mL and
subjected to size distribution analysis by NanoSight. The exosome
morphology was confirmed by electron microscopy. Briefly, the exo-
somes were added onto the grid and stained with 2% uranyl acetate,
followed by imaging with a JEM-2000EX transmission electron mi-
croscope (JEOL, Tokyo, Japan). Isolated exosomes were re-suspended
in PBS or DMEM and stored at �80�C use.
Exosome Delivery In Vivo and UTMD

Exosome in vivo delivery aided by UTMD was conducted similar to
methods described before.9 Briefly, mice were anaesthetized with 2%
Molecular T
isoflurane, and the mixture composed of
100 mL of SonoVue microbubble (Bracco Imag-
ing) solution and 100 mL of exosomeswas infused
into the tail vein slowly. Simultaneously, an ultra-
sound beam was performed in the targeted organ
regions. Ultrasound was generated by a 0.66-
MHz US instrument (gift from Chongqing Med-
ical University) with a probe area of 4.5 cm2. The
probe was adjusted with a gel interface so that the
focus was positioned at the targeted tissues. Ul-
trasound pulses were applied to the targeted re-
gion for 1 min in total at a duty cycle of 50%
and a mechanical index of about 1.6.

Exosome Tracking In Vivo and Ex Vivo

For in vivo tracking exosomes, purified exo-
somes were first labeled with fluorescent dye
DiR/DiI (at the final concentration of 10 mM, Invitrogen, Carlsbad,
CA, USA). Unlabeled free exosomes were then removed by centrifu-
gation after washing with PBS. Mice were then additionally injected
with labeled exosomes (100 mg per mouse, at 100 mL in volume) via
tail vein with or without the aid of UTMD.

For ex vivo imaging, mice were sacrificed at the end of the experiment.
Different tissues from the mice injected with DiR-labeled exosomes
were harvested for fluorescence imaging by the IVIS Lumina II in vivo
imaging system as instructed. For microscopic analysis of the exo-
some distribution, different tissues from the mice injected with DiI-
labeled exosomes were harvested for tissue sectioning. Tissue sections
were fixed with 4% paraformaldehyde for 15 min and then stained
with Hoechst 33258 (Invitrogen). The whole process was kept from
light. The fluorescence signals for the labeled exosomes and the
blue nuclei were visualized by CLSM.
herapy: Nucleic Acids Vol. 20 June 2020 565
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Statistical Analysis

Data are expressed as mean ± SEM unless otherwise indicated. A Stu-
dent’s t test was used for two-group comparison, and one-way
ANOVA was used for multiple comparisons by a Tukey’s post hoc
test (GraphPad Prism 7.0). p values <0.05 indicate statistical
significance.
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