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Abstract

Cell-derived vesicles (CDVs) have been investigated as an alternative to exosomes. Here, we generated CDVs from Prokineticin receptor
1 (PROKR1) overexpressing HEK293T cells using micro-extrusion. More than 60 billion PROKR1-enriched CDV (PROKR1Tg CDVs)
particles with canonical exosome properties were recovered from 107 cells. With 25 μg/mL of PROKR1Tg CDVs, we observed delivery of
PROKR1, significant reduction of apoptosis, and myotube formation in C2C12Prokr1−/− myoblasts that have lost their myogenic potential but
underwent apoptosis following myogenic commitment. Expression levels of early and late myogenic marker genes and glucose uptake
capacity were restored to equivalent levels with wild-type control. Furthermore, PROKR1Tg CDVs were accumulated in soleus muscle
comparable to the liver without significant differences. Therefore, CDVs obtained from genetically engineered cells appear to be an effective
method of PROKR1 protein delivery and offer promise as an alternative therapy for muscular dystrophy.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Exosomes are vesicles that bud from multicellular organisms for
intercellular communication.1 They transport various biomolecules
between cells, including proteins, lipids, mRNA, microRNAs, and
DNA, and are of great interest for diagnostics and drug delivery due
to their excellent biodistribution and biocompatibility.2,3

Over the past 10 years, significant progress has been made in
exosome isolation and purification techniques, and these advances
have led to encouraging achievements in the field of exosome
biology. Exosome isolation is achieved primarily via three different
techniques. Ultracentrifugation is generally considered the gold
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between exosomal membrane proteins and their dedicated
antibodies; this method is highly effective for the selective
isolation of pure exosomes. However, the lack of effective
exosomal marker proteins and low exosome isolation yields
have limited the use of this technique.4 Despite advances in
exosome isolation and purification, these techniques are not
ready for clinical implementation as they are hindered by
limitations in terms of exosome purity, scalability, validation,
and standardization.6–8 While the selective production of
exosomes containing active pharmaceutical biomolecules is
the primary objective of all types of nanovesicle-based drug
delivery systems, conventional exosome isolation techniques
have not yet been met this goal.

To address these issues, an alternative method, with high
yield and reproducibility, for generating exosome-mimetic
nanovesicles enriched with the target molecule of interest has
been investigated. Cell-derived vesicles (CDVs), which are
exosome-mimetic nanovesicles that can be prepared by micro-
extrusion of source cells, present many similarities to exosomes
in terms of size, morphology, and the molecular composition of
membranes.7,9 CDVs have been shown to deliver cellular
information to recipient cells and to induce biological responses.
For example, CDVs produced from hepatocytes successfully
promoted hepatocyte proliferation and liver regeneration by
delivering hepatocyte-specific proteins.10 CDVs can be loaded
with exogenous pharmaceutical molecules via electroporation or
extrusion from the cell type of choice9,11; this represents an
advantage over exosomes, which require selective sorting of
cargo by genetic control of endosomal pathways.12 CDVs also
exhibit natural targeting ability, maintaining the topology of
plasma membrane proteins.12 For example, membrane proteins
present on the surface of CDVs derived from cancer cells have
been shown to be critical for the efficient delivery of
doxorubicin; after delivery into cells, doxorubicin-enriched
CDVs alter cell signaling and induce superior anti-cancer effects
compared to doxorubicin alone.9 Therefore, CDVs are regarded
as an alternative to exosomes due to their high yield and
productivity, and may be an efficient drug delivery system for
active pharmaceutical biomolecules.

Muscular dystrophy that occurs with age, also known as
sarcopenia, is a significant public health issue.13 Sarcopenia has
been linked to increased morbidity and metabolic malfunction,
and is characterized by features including loss of muscle mass,
altered muscle composition, fat and fibrous tissue infiltration,
and alterations in innervation.14 A better understanding of the
pathophysiology of sarcopenia will aid in the development of
strategies mitigating the impact of its adverse effects; however,
most pharmacological agents investigated to date are hormonal
and myostatin modulators designed to increase muscle mass.15

Prokineticin receptor 1 (Prokr1) is a G protein-coupled receptor
that participates in metabolic functions, especially in peripheral
tissues such as fat, blood vessels, and the heart.16 For example,
Prokr1 suppresses adipocyte proliferation and differentiation,
and is downregulated in the fat tissue of obese patients.17 Prokr1
also simulates the capillary development of endothelial cells and
insulin-stimulated glucose uptake,18 as well as cardiomyocytic
ventricular activity, by promoting angiogenesis.19 Although
analysis of tissue distribution has revealed the expression of
Prokr1 in skeletal muscle,20 ,21 the myogenic function of Prokr1
has not yet been investigated.

In this study, we generated Prokr1-deficient C2C12 (C2C12-
Prokr1−/−) murine myoblasts, which showed loss of myogenic
potential and underwent apoptosis after myogenic commitment.
We then prepared PROKR1-enriched CDVs from PROKR1-
overexpressing (PROKR1Tg) HEK293T cells. When we applied
the PROKR1-enriched CDVs to C2C12Prokr1−/− myoblasts, the
CDVs successfully delivered the PROKR1 protein to C2C12-
Prokr1−/− myoblasts, reduced apoptotic cell death after myogenic
commitment, and rescued the morphological and functional
development of myotubes. Therefore, CDVs obtained from
genetically engineered cells appear to be an effective method of
delivery of PROKR1 protein and offer promise as an alternative
therapy for muscular dystrophy.
Methods

Generation of genetically engineered cells

Human embryonic kidney 293T (HEK293T) and mouse
C2C12 myoblasts were purchased from American type culture
collection (ATCC, Manassas, VA, USA). To establish the
PROKR1 transgenic HEK293T cells (PROKR1Tg HEK293T),
piggyBac cloning and expression vector containing PROKR1
cDNA was co-transfected with transposon (Systems Biosci-
ences, Palo Alto, CA, USA) using Lipofectamine 3000
(Invitrogen, Carlsbad, VA, USA) according to the manufac-
turer's protocol. To knock out the PROKR1 gene in HEK293T
(HEK293TPROKR1−/−) and C2C12 cells (C2C12Prokr1−/−),
pUC57 expression vector containing guide RNA (gRNA) was
co-transfected with Cas9 protein using Lipofectamine 3000
according to the manufacturer's instructions.

Cell maintenance and differentiation

HEK293T cells were cultured in 4.5 g/L DMEM media
(Gibco, Grand Island, NY, USA) supplemented with 10% (v/v)
exosome-free fetal bovine serum (FBS, Gibco) and 1%
antibiotic–antimycotic (Gibco, Grand Island, NY, USA) which
were incubated at 37 °C in 5% CO2. C2C12 cells were
maintained in 1 g/L D-glucose DMEM (Gibco) supplemented
with 20% (v/v) exosome-free FBS and 1% antibiotic-antimycotic
(Gibco). For differentiation, 1 × 106 C2C12 cells were seeded,
and after reaching 90% confluence, cells were subjected to
differentiation in 4.5 g/L DMEM with 2% horse serum (Gibco)
for 6 days.

Generation and purification of CDVs

HEK293T cell-derived vesicles (CDVs) were generated by
using a micro-extruder (Avanti Polar Lipids, Inc., Alabaster,
Alabama, USA) (Supplementary Figure 1, A). The cell
suspension at 107 cells/ml in DPBS was serially extruded
through polycarbonate membranes filters with 10, 5 and 1 μm of
pore sizes (Avanti Polar Lipids). The extruded crude vesicles
were filtrated through 0.2 μm of syringe filter (Sartorius,
Goettingen, Germany), and CDVs purification was performed
using two-step sucrose OptiPrep (Sigma, St. Louis, MO, USA)
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density gradient ultracentrifuge. Crude vesicle solution was
placed on 10% and 50% OptiPrep density gradient medium and
subjected to ultracentrifugation at 100,000 ×g for 2 h at 4 °C.
CDVs were obtained from the interface between density gradient
and washed with DPBS. CDV pellet was resuspended in DPBS
and kept at −80 °C until use.

Characterization of CDVs

Size distribution of CDVs was measured by using Zetasizer
(Malvern, Worcestershire, UK). CDV purity was evaluated by
using UltiMate 3000 UHPLC Systems (Thermo Fisher Scientif-
ic, Massachusetts, U.S.A.) equipped with GPC-100 size
exclusion column (Eprogen, Illinois, U.S.A.). Particle number
of CDVs was measured by nanoparticle tracking analysis
(Malvern). The total protein amount in CDVs was measured
using bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
scientific, MA, USA) after lysis using a radio-immune-
precipitation assay buffer (Thermo Fisher scientific, MA,
USA) for 5 min followed by centrifuge at 10,000 ×g for
10 min. Total RNA in CDVs was extracted using TRIzol
Reagent (Ambion, Austin, TX, USA).

Cells and CDVs were lysed by RIPA buffer (Thermo Fisher
Scientific) and protein concentration was determined by the
BCA Protein Assay kit (Thermo Fisher Scientific). Equal amount
of protein was separated by SDS-PAGE electrophoresis and
transferred to nitrocellulose membranes (Bio-Rad, Berkeley,
CA, USA). The nitrocellulose membranes were blocked in 5%
(w/v) BSA (Sigma-Aldrich, St. Louis, MO, USA) in 0.2% (v/v)
Tween 20 in Tris-buffered saline (Sigma), and then incubated
overnight at 4 °C with primary antibody. The primary antibodies
used were as follows: mouse monoclonal anti-β-Actin antibody
(1:1000, Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
rabbit monoclonal anti-CD9 antibody (1:2000), rabbit monoclo-
nal anti-CD81 antibody (1:1000, Abcam, Cambridge, UK), and
rabbit monoclonal anti-PKR1 antibody (1:1000, Biorbyt, St.
Louis, MO, USA). The secondary antibodies used were goat
anti-mouse IgG antibody (1:1000) and goat anti-rabbit IgG
antibody (1:1000, Thermo Fisher Scientific).

RT-PCR

HEK293T cells were treated with 200 μg/ml PROKR1Tg

CDVs for 6 h and total RNA was extracted by using a TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). About 5 μg of total
RNAs extracted from HEK293T cells was reverse-transcribed
using a reverse transcription kit (Invitrogen) and cDNA was
subjected to PCR with GFP primer. Human GAPDH was used
as an internal control. Quantitative measurement of myogenic
marker gene expression before and after myogenic differentia-
tion of C2C12 cells was performed using real-time PCR systems
with Power SYBR Green PCR Mater Mix (Applied Biosystems,
Foster City, CA, USA). The myogenic genes measured were as
follows: paired box 3 (Pax3), paired box 7 (Pax7), and myogenic
differentiation 1 (Myod1) as early myogenic markers, and
myoglobin (Mb), myosin heavy chain 7 (Myh7), and myoglobin
(Myog) as late myogenic markers. Data analysis was performed
by ΔΔCt method using Gapdh as a normalizer. Primer
information was provided in Supplementary Table 1.
Cell uptake of CDVs

PROKR1Tg CDVs at 100 μg/ml were applied to HEK293T
cells for 24 h, and real-time uptake process was observed using
Cytation 5 (BioTek, Winooski, VT, USA) under GFP channel.
The uptake process was capture at every 20 min automatically.

Cell viability assay

C2C12Prokr1−/− cells at 1 × 104 cells/well in 48-well plate
(Corning, Corning, NY, USA) were treated with or without
PROKR1Tg CDVs for 48 h. Phenol red-free DMEM media
(Thermo Fisher Scientific) were replaced daily. Cell proliferation
was measured using an MTT assay kit (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's instruction. Briefly,
cells were incubated with 20 μL of 12 mM MTT stock solution
at 37 °C for 4 h, and 200 μL of SDS-HCl solution was added to
each well and mix thoroughly. After 4 h, the absorbance was
measured by Cytation 5 (BioTek) at 570 nm.

Flow cytometry analysis

C2C12Prokr1−/− myoblasts were seeded at 2 × 104 cells/well
of 6-well plate (Corning). PROKR1Tg CDVs at 25 μg/ml were
treated to C2C12Prokr1−/− myoblast for 3 days. After CDV pre-
treatment, cells were transferred to the differentiation media
without CDVs and incubated for another 3 days. Apoptotic cells
after differentiation were measured by flow cytometry (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA) with using
Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit (Thermo
Fisher Scientific, Waltham, MA, USA) at 521 nm and 617 nm.

Actin staining

C2C12 cells were seeded on chamber slide (Thermo Fisher
Scientific) at 1 × 104 cells/slide. After 3 days of CDVs pre-
treatment and 6 days of myogenic differentiation, myotubes
were fixed in 10% (v/v) neutral buffered formalin (Sigma-
Aldrich) for 10 min, and then washed with DPBS. Fixed cells
were permeabilized with 0.1% (v/v) Triton X-100 (Sigma-
Aldrich) for 10 min, and blocked with 2% (w/v) BSA in DPBS
for 60 min at room temperature. Cells were then stained with
Alexa Fluor® 488 Phalloidin (Thermo Fisher Scientific) for 1 h.
After washing with DPBS, cells were counterstained with DAPI
(Maravai Life Sciences, San Diego, CA, USA), and the actin
fibers were observed in Cytation 5 (BioTek).

Glucose uptake assay

Glucose uptake in myotubes was measured using a
fluorescent D-glucose analog, 2-[N-(7-nitrobenzene-2-oxa-1,3-
diazol-4-yl) amino]-2-deoxy-D glucose (2-NBDG) (Thermo
Fisher Scientific). Briefly, myotubes derived from WT C2C12
and C2C12Prokr1−/− myoblasts were starved with FBS-free
DMEM media for 2 h, and myotubes were stimulated with or
without 100 nM insulin (Cell applications, Inc., San Diego, CA,
USA) for 30 min. After insulin stimulation, myotubes were
treated with 80 μM of 2-NBDG for 30 min. Myotubes were the
washed with cold DPBS, and the fluorescence intensity of the
intracellular 2-NBDG was measured at excitation/emission
wavelength of 485/535 nm using Cytation 5 (BioTek).
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Biodistribution of CDVs

PROKR1Tg CDVs were incubated with 5 μMXenoLight DiR
(PerkinElmer, MA, USA) in 5% (v/v) ethanol at 100 rpm, for
60 min at 37 °C. After incubation, the excess dye was removed
by using Zeba SpinTM desalting column (Thermo Fisher
Scientific). The DiR-labeled CDVs were serially diluted with
PBS, and the particle size and number of CDVs were measured
by Zeta view (Particle Metrix GmbH, Inning am Ammersee,
Germany) before use. Eight-week-old male C57BL/6 mice
(Woojung Bio, Inc., Korea) were used for biodistribution
experiment (N = 3 per group). Mice were intravenously injected
with 150 μL of DiR-labeled PROKR1Tg CDVs at three different
dose levels (1 × 1011 particles/animal as high dose; 6.8 × 1010

particles/animal as medium dose; 3.2 × 1010 particles/animal as
low dose). Various organs or tissues including liver, brain,
inguinal fat, epididymal fat, gastrocnemius muscle, and soleus
muscle were dissected and weighed 6 h post-injection. The
intensity of fluorescence of each organ or tissue was quantified
using the IVIS Spectrum and Living Image Software (Perki-
nElmer) to assess the distribution of DiR-labeled PROKR1Tg

CDVs. PBS with DiR only was used as a negative control group
to remove the background signal. This study was approved by
the Institutional Animal Care and Use Committees of Woojung
Bio, Inc. (IACUC2102-016) and was conducted in accordance
with the approved guidelines.

Statistical analyses

Statistics analyses were performed using Prism 8 (GraphPad
Software, San Diego, CA, USA). All results were expressed in
mean ± standard deviation (SD). P value was calculated using
two-sided Student's t test or one-way ANOVA followed by
multiple comparison test for the parametric data, and P value
<0.05 was considered significant.
Result

Generation of genetically engineered cells

PROKR1Tg HEK293T cells were generated with the
piggyBac vector (Figure 1, A) and PROKR1/Prokr1 knockout
cells were prepared using the CRISPR/Cas9 system. To generate
PROKR1-deficient (PROKR1−/−) HEK293T cells, a pair of guide
RNAs (gRNAs) was used to target the second exon of the
PROKR1 gene, resulting in a deletion of 151 bp (Figure 1, B).
To produce Prokr1-deficient (Prokr1−/−) C2C12 cells, another
pair of gRNAs was used to target the second exon of the Prokr1
gene, which produced 26 bp- and 128 bp-deleted homozygous
cells (Figure 1, C). All PROKR1/Prokr1-engineered cells were
subjected to fluorescence-activated cell sorting (FACS) based on
the GFP signal and clonal proliferation of the sorted single cell.
RT-PCR showed that PROKR1 mRNA was significantly
upregulated in PROKR1Tg HEK293T cells (P < 0.001) com-
pared with the wild-type (WT) counterpart (Figure 1, D). Protein
levels of PROKR1/Prokr1 were significantly upregulated in
PROKR1Tg HEK293T and WT C2C12 cells, and there was no
detectable PROKR1/Prokr1 protein in WT HEK293T,
PROKR1−/− HEK293T, or Prokr1−/− C2C12 cells (Figure 1, E,
F). These results demonstrated that PROKR1/Prokr1-
overexpressing and knockout cells were successfully generated;
these cells were used as CDV donor and subject cells in
subsequent experiments.

Generation and characterization of CDVs

The preparation of CDVs from genetically engineered
HEK293T cells is illustrated in Supplementary Figure 1, A.
Following micro-extrusion of 107 cells through 10-, 5-, and 1-
μm serial polycarbonate membranes and a 0.2-μm filter, crude
CDVs were purified by two-step OptiPrep density gradient
ultracentrifugation. To verify whether the OptiPrep density
gradient ultracentrifuge was effective, CDVs before and after
density gradient ultracentrifugation were subjected to size
exclusion chromatography analysis. As shown in Supplementary
Figure 1, B, CDVs before density gradient ultracentrifugation
exhibited peaks at various retention times, while CDVs after
density gradient ultracentrifugation exhibited only a single peak
at 3.2 min. Thus, OptiPrep density gradient ultracentrifugation
appears to be an effective method to obtain highly purified
CDVs.

CDVs produced from the genetically engineered HEK293T
cells were characterized based on size distribution, exosomal
marker expression, particle yield, and the amount of protein and
RNA. PROKR1Tg CDVs had a mean ± standard deviation
diameter of 161.7 ± 12.3 nm, while PROKR1−/− CDVs had a
mean diameter of 152.6 ± 2.9 nm; there was no significant
difference in size distribution between the two types of CDVs
(Figure 2, A). Western blotting demonstrated that the two types
of CDVs expressed exosomal markers, including CD9 and
CD81. In addition, PROKR1 protein was only detected in
PROKR1Tg cells and CDVs derived from PROKR1Tg cells, and
not in PROKR1−/− cells or CDVs derived from PROKR1−/− cells
(Figure 2, B). Nanoparticle traffic analysis (NTA) showed that
an average of 6.1 × 1010 CDV particles was recovered from 107

PROKR1Tg cells while 6.5 × 1010 CDV particles were recov-
ered from the same number of PROKR1−/− cells; there was no
significant difference in the amount of CDVs recovered between
the two different sources (Figure 2, C). A total of 120.5 ±
20.4 μg of protein was obtained from PROKR1Tg cell-derived
CDVs, while 87.0 ± 16.7 μg of protein was obtained from
PROKR1−/− cell-derived CDVs. Furthermore, the total RNA
obtained from PROKR1Tg and PROKR1−/− CDVs was 13.7 ±
2.9 μg and 10.9 ± 0.8 μg, respectively; there was no significant
difference between these amounts.

RNA quality was compared between donor cells and CDVs,
and both showed comparable RNA profiles with small size
RNAs at 25 s, 18S ribosomal RNA (rRNA) at 40 s, and 28S
rRNA at 47 s; the intensity ratio between 28S rRNA and 18S
rRNA was approximately 2:1 (Figure 1, D, E). These results
demonstrated that pure CDVs can be prepared from cells with
high yield using density gradient ultracentrifugation.

PROKR1 delivery to C2C12Prokr1−/− myoblasts

A piggyBac vector expressing GFP simultaneously with
PROKR1 was used to generate HEK293T cells overexpressing
PROKR1. Tracking of the GFP signal was used to observe the



Figure 1.Generation of PROKR1/Prokr1 engineered cells.(A) PiggyBac expression vector construct for human PROKR1 gene. (B-C) CRISPR/Cas9-mediated
PROKR1/Prokr1 deletion in HEK293T cells and C2C12 cells. Upper characters indicate coding region. Italic characters indicate gRNA binding sites.
Underlined characters indicate PAM sequences. Gray characters indicate the deleted sequence in KO cells. The length of deleted sequences is depicted in
parenthesis. e = exon. (D) RT-PCR analysis mRNA expression of PROKR1. Mock: PiggyBac vector without PROKR1. Bars indicate mean ± SD, N = 3,
***P < 0.001 vs. WT, Dunnett's multiple comparison test. (E-F)Western blot analysis of PROKR1/Prokr1 in HEK293T cells and C2C12 cells. ACTB is used
as an internal control.
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migration of CDVs to target cells. To verify that CDVs could be
internalized by target cells, WT HEK293T cells were treated
with 100 μg/mL PROKR1Tg CDVs and the intracellular uptake
of CDVs was observed in real time. A GFP signal from
PROKR1Tg CDVs was observed in WT HEK293T cells within
1 h of treatment, and maintained up to 24 h (Figure 3, A).
Similarly, GFP mRNA in PROKR1Tg CDV-treated WT
HEK293T cells was detected up to 48 h after treatment (Figure
3, B). These results confirmed that CDVs derived from
genetically engineered cells successfully delivered proteins and
mRNAs to target cells, and the proteins and mRNAs remained in
situ for a prolonged period of time. Based on these results, we
investigated whether the membrane protein PROKR1 could be
delivered to target cells via CDVs. Prokr1 knockout C2C12
(C2C12Prokr1−/−) myoblasts were treated with CDVs generated
from PROKR1Tg or knockout HEK293T cells, and total protein
was harvested from myoblasts after trypsinization. Western
blotting showed that PROKR1 protein was expressed in WT
C2C12 and PROKR1Tg CDV-treated C2C12Prokr1−/− cells,
while no PROKR1 expression was detected in C2C12Prokr1−/−

or PROKR1−/− CDV-treated C2C12Prokr1−/− cells (Figure 3, C).
Therefore, it was confirmed that both GFP and the membrane
protein PROKR1 were delivered to target cells via CDVs. We
then determined the optimal concentration of PROKR1Tg CDVs
for cell treatment. C2C12Prokr1−/− myoblasts were treated with
CDVs at concentrations ranging from 10 to 200 μg/mL for 72 h.
A cell proliferation assay revealed that CDVs at 50 μg/mL or less
did not affect cell viability, while CDVs at more than 100 μg/mL
reduced the number of cells significantly (P < 0.001) compared
to the vehicle control (Figure 3, D). Based on these results,
25 μg/mL PROKR1Tg CDVs was used to induce myogenic
effects in C2C12Prokr1−/− myoblasts.



Figure 2. Characterization of CDVs from genetically engineered HEK293T cells.(A) Size measurement of CDVs by dynamic light scattering analysis. Solid
line indicates the size distribution of PROKR1Tg CDVs and dotted line indicates the size distribution of PROKR1−/− CDVs. The line represents the average of
the independent triplicate measurements. Horizontal axis indicates the diameter of CDVs (nm); vertical axis indicates the intensity of CDVs (%). (B) Western
blot analyses of exosomal proteins and PROKR1 expression in PROKR1Tg and PROKR1−/− cells and CDVs. Beta actin (ACTB) is used as an internal control.
(C) Quantification of CDV particles, protein, and total RNA in PROKR1Tg and PROKR1−/− CDVs. Bars indicate mean ± SD, N = 3. ns: not significant vs.
CDVs from PROKR1−/− HEK293T cells, two-sided Student's t test. (D) RNA profile in PROKR1Tg HEK293T cells. Left panel: chromatogram of different types
of RNAs. (E) RNA profile in PROKR1Tg CDVs. Horizontal axis represents retention time (s), and vertical axis represents the fluorescence unit (FU). Right
panel: electrophoresis of different type of RNAs.
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Anti-apoptotic effects of PROKR1Tg CDVs in C2C12Prokr1−/−

myocytes

Myotube formation was induced in C2C12 cells with
different genotypes. Following differentiation, WT C2C12
cells committed to the myocyte lineage, while C2C12Prokr1−/−

cells showed deleterious morphological changes, eventually
detached from the tissue culture plate on differentiation day 3.
We then evaluated whether PROKR1 delivered by CDVs could
rescue the differentiation potency of C2C12Prokr1−/− cells.
C2C12Prokr1−/− myoblasts were treated with CDVs prior to
myogenic differentiation for 3 days, and C2C12Prokr1−/−

myocytes treated with PROKR1Tg CDVs survived 3 days of
myogenic differentiation, which was not observed in PROKR1−/
− CDV-treated C2C12Prokr1−/− cells (Figure 4, A). To determine
whether the cellular changes were a result of apoptosis, C2C12-
Prokr1−/− myocytes treated with CDVs were subjected to flow
cytometry after co-staining with annexin-V (ANXA5) and
propidium iodide (PI). In DPBS-treated C2C12Prokr1−/− myo-
cytes, 47.4% ± 4.3% of cells were determined to be ANXA5-



Figure 3. PROKR1 delivery by PROKR1Tg CDVs and dose range finding in C2C12Prokr1−/− myoblasts.(A) Real-time analysis of PROKR1 protein delivery
through PROKR1Tg CDVs to WT HEK293T cells. Green fluorescence: PROKR1Tg CDVs contain GFP protein, t: time after CDVs treatment (h), white
arrowhead: representative PROKR1Tg CDVs delivered to naïve cell. Scale bar = 200 μm. (B) RT-PCR analysis of GFP mRNA in WT HEK293T after
PROKR1Tg CDVs treatment. NC: WT HEK293T cell control.GAPDH is used as an internal control. (C)Western blot analysis of PROKR1 in C2C12 myoblasts
with or without CDVs treatment. ACTB is used as an internal control. (D) MTT assay of C2C12Prokr1−/− myoblasts treated by various concentration of
PROKR1Tg CDVs. Bars indicate mean ± SD, N = 3. ***P < 0.001 vs. 0 μg/mL, Dunnett's multiple comparison test.
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positive early apoptotic cells, and 4.1% ± 0.9% were ANXA5/
PI-positive late apoptotic cells. By contrast, 36.8% ± 1.9% of
PROKR1Tg CDV-treated C2C12Prokr1−/− myocytes were in the
early apoptotic phase, and 6.3% ± 0.2% were in the late
apoptotic phase. A significant reduction of apoptotic cells
(8.4%; P < 0.05) was seen in PROKR1Tg CDV-treated C2C12-
Prokr1−/− myocytes compared to the DPBS-treated control
(Figure 4, B). These results demonstrated that PROKR1 protein
delivered by CDVs ameliorates myogenic commitment-induced
apoptosis in C2C12Prokr1−/− myocytes.

Effects of PROKR1Tg CDVs on C2C12Prokr1−/− myotube
formation and metabolic function

Next, we investigated the recovery of the myogenic potential
of C2C12Prokr1−/− myoblasts by CDV treatment. WT C2C12
cells differentiated into myofiber-specific F-actin-containing
myotubes after 6 days of myogenic differentiation, and no
difference was observed in myotube formation following
treatment with PROKR1Tg or PROKR1−/− CDVs. In C2C12-
Prokr1−/− myoblasts, however, actin fiber-expressing myotubes
were not formed after 6 days of myogenic differentiation,
consistent with the increased apoptotic cell death. By contrast,
pretreatment of C2C12Prokr1−/− myoblasts with PROKR1Tg

CDVs induced myotubes with F-actin after 6 days of myogen-
esis. This recovery of myotube formation was not observed in
C2C12Prokr1−/− myoblasts pretreated with PROKR1−/− CDVs
(Figure 5, A).

Gene expression analysis also revealed that myotubes derived
from PROKR1Tg CDV-pretreated C2C12Prokr1−/− myoblasts
had comparable myogenic marker expression to WT myotubes.
For example, the expression levels of late myogenic marker
genes, including myoglobin (Mb), myosin heavy chain 7 (Myh7),



Figure 4. Anti-apoptotic effect of PROKR1Tg CDVs on C2C12Prokr1−/− myocytes.(A)Microscopic examination of PROKR1Tg CDVs-pretreated C2C12Prokr1
−/− myocytes during myogenic differentiation. Cell morphology on differentiation days 1 to 3 is depicted in a row. White arrows indicate detached cells. Scale
bar = 100 μm. (B) Flow cytometry analysis of apoptotic C2C12Prokr1−/−myoblasts. Left panel: P5 fraction represents live cells, P6 represents ANXA5(+)/PI (−)
early apoptotic cells, and P7 (purple) represents ANXA5(+)/PI(−) late apoptotic cells. Right panel: gray bar indicates the percentage (%) of total apoptotic cells in
C2C12Prokr1−/−myoblast control; black bar indicates the percentage (%) of total apoptotic cells in PROKR1Tg CDVs-pretreated C2C12Prokr1−/−myoblasts. Bars
indicate mean ± SD, N = 3. *P < 0.05 vs. DPBS. Two-sided Student's t test.
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and myogenin (Myog), in myotubes from both WT C2C12 and
PROKR1Tg CDV-pretreated C2C12Prokr1−/− myoblasts in-
creased significantly compared to control myoblasts. Although
the expression levels of late myogenic marker genes were
significantly different between the two myotubes, treatment with
PROKR1Tg CDVs restored the expression levels such that they
were comparable to those of WT myotubes (Figure 5, B).
Consistent with these findings, CDV treatment also restored the
expression levels of early myogenic marker genes to WT levels.
Following myogenic differentiation, early myogenic marker
genes, including paired box 3 (Pax3), paired box 7 (Pax7), and
myogenic differentiation 1 (Myod1), were significantly down-
regulated in WT C2C12 myotubes. PROKR1Tg CDV-induced
myotubes from C2C12Prokr1−/− myoblasts also showed compa-
rable expression levels except for Myod1, which was signifi-
cantly lower by 2 times compared to WT C2C12 myotubes
(P < 0.0001). However, during myogenesis of C2C12Prokr1−/−

myoblasts, the expression of early myogenic markers was
restored to normal levels by increasing rather than decreasing,
which indirectly suggests that a significant error occurred in the
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myogenic transcriptional circuit of C2C12 myoblasts due to
PROKR1 deficiency.

We then investigated the metabolic function of myotubes
induced by PROKR1−/− CDVs. In WT C2C12 myotubes,
insulin-stimulated glucose uptake was significantly increased
(by 1.5-fold) compared to the untreated control (P < 0.001).
However, PROKR1Tg and PROKR1−/− CDVs did not increase
insulin-stimulated glucose uptake, and there was no synergistic
effect with CDVs (Figure 5, C). After myogenic differentiation,
insulin treatment did not stimulate glucose uptake in C2C12-
Prokr1−/− myoblasts. By contrast, PROKR1Tg CDV-induced
myotubes showed a significant (1.5-fold) increase in glucose
uptake following insulin treatment (P < 0.05), to a level
equivalent to that of the control. There was no increase in
glucose uptake in PROKR1−/− CDV-induced myotubes follow-
ing insulin stimulation (Figure 5, D).

Taken together, our results demonstrated that PROKR1
delivered by CDVs promoted the myogenic differentiation of
C2C12 myoblasts lacking Prokr1, as evidenced by morpholog-
ical characters and marker expression, while differentiated
myotubes acquired normal metabolic function.

Biodistribution of PROKR1Tg CDVs in mice

To determine CDV delivery to muscle tissue, we investigated
the biodistribution of CDVs by intravenous injection of
fluorescence-labeled PROKR1Tg CDVs at 3.2 × 1010,
6.8 × 1010, or 1.0 × 1011 particles per head in mice as low,
medium, or high doses. An increase in fluorescence intensity was
observed in a dose-dependent manner in the brain, liver, inguinal
fat, epididymal fat, gastrocnemius muscle, and soleus muscle 6 h
after injection (Figure 6, A). The average absolute fluorescence
intensities in the liver were 2.9 × 1012, 1.9 × 1012, and
6.6 × 1011 [p/s]/[μW/cm2] at low, medium, and high dose
level, and they were at least 5.9 times higher than that of other
tissues (P < 0.01) (Figure 6, B). The relative fluorescence
intensities normalized to organ weight were also highest in the
liver in the whole dose levels. However, the average fluorescence
intensities in soleus muscle were 6.6 × 1011 and 7.8 × 1011 [p/
s]/[μW/cm2] at medium and high dose levels, respectively, and
they were comparable to the relative fluorescence intensities of
the liver without significant differences (Figure 6, C). These
results indicate that the PROKR1-enriched CDVs could be
delivered not only to the liver but also to the muscles, especially
to the soleus muscle, which is expected to induce a potential
pharmacological effect on improving muscle function and
physiology through PROKR1Tg CDVs.
Discussion

CDVs have been actively investigated as biotherapeutics and
vehicles for drug delivery. The loading efficiency of active
pharmaceutical ingredients into vesicles is key for the therapeutic
application of CDVs. Since the first attempt to load curcumin
into exosomes,22 incubating exosomes with the drug solution at
room temperature has become the most popular method of drug
loading, and has improved therapeutic potency.23 For example,
doxorubicin-loaded CDVs exhibited approximately 10-fold
higher drug delivery capacity than free doxorubicin, and reduced
tumor growth to the same extent as 20-fold higher doses of the
free drug without systemic side effects.24 Another study
compared different techniques for paclitaxel loading into
vesicles, including incubation, electroporation, and sonication;
loading efficiencies of 1.4%, 5%, and 28%, respectively, were
obtained.25 A small interfering RNA was the first biopharma-
ceutical loaded into extracellular vesicles (EVs) via electropo-
ration, with 15%-25% efficiency.26 The loading efficiency and
capacity of exosomes for nucleic acids (via electroporation) are
limited by the size of the exosome27; the loading efficiency of
CDVs for nucleic acids has been shown to be superior to that of
exosomes.28 Unlike chemical drugs and nucleic acids, the
loading efficiency of exosomes for proteins is limited because
proteins have difficulty penetrating cellular membranes and are
easily modified by the physiochemical environment.29 There-
fore, various methods and technologies have been developed to
deliver proteins to exosomes, including membrane anchoring
(XPACK),30 mechanical dispersion of the membrane by
incubation, freeze–thaw, sonication, extrusion,31 and the opti-
cally reversible protein–protein interaction module (EXPLORs).-
29 However, there are several limitations of these techniques
with respect to enhancing the protein loading efficiency of
exosomes. For example, membrane anchoring cannot facilitate
intracellular localization of the anchored proteins in target cells,
while the efficiency of the mechanical dispersion method
depends on the stability of the target protein. In addition,
reactivity on optical stimulation differs among the proteins,
which limits applicability. Changing the cargo of EVs via genetic
modification of cells provides a unique opportunity to enrich the
target proteins in EVs. One approach is to transduce cells with a
transgene to express the target protein. Exosomes produced from
cells overexpressing a reporter protein have been shown to
contain abundant protein and were distributed throughout the
body.32,33 In this study, we generated PROKR1 transgenic
HEK293T cells with 9.8-fold higher expression of PROKR1
protein compared to the WT control. CDVs derived from the
transgenic cells also contained a comparable amount of protein.
In addition, when we applied these CDVs to Prokr1-deficient
myoblasts, the expression level of PROKR1 recovered to a level
similar to that of WT myoblasts, which helped rescue the
myogenic potential of Prokr1-deficient myoblasts. Although we
were unable to quantify the amount of PROKR1 protein
contained in CDVs, CDVs produced using transgenic cells
demonstrated sufficient target protein loading to induce
pharmacological effects.

PROKR1 has been known to regulate angiogenesis, feeding
behavior,34 ,35 and metabolic disorders. Prokr1-deficient mice
are obese due to increased proliferation and differentiation of
preadipocytes,17 and exhibit ischemic defects in the heart caused
by apoptosis of cardiomyocytes, in turn due to loss of Akt
signaling.36 Akt signaling preserves mitochondrial integrity and
function in the heart; a reduction in Akt activity promotes
mitochondrial apoptosis. By contrast, activation of Prokr1
signaling prevents doxorubicin-induced apoptosis of
cardiomyocytes.37 However, abnormal phenotypes related to
skeletal muscle development and function caused by the loss of
Prokr1 have not yet been reported. Here, we generated
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Figure 6. Biodistribution of PROKR1Tg CDVs in mice.(A) Ex vivo images of brain (B), liver (L), inguinal fat (IF), epididymal fat (EF), gastrocnemius muscle
(GM), and soleus muscle (SM) at 6 h post-injection of free DiR and different concentrations of PROKR1Tg CDVs in mice. Color scale indicates radiant
efficiency, min = 9.15 × 109, max = 9.98 × 1010. (B) Absolute quantification of ex vivo fluorescence in various tissues. Bars indicate mean ± SD, N = 3,
aP < 0.01 vs. liver at high concentration of CDVs (CDV-H), bP < 0.001 vs. liver at middle concentration of CDVs (CDV-M), cP < 0.001 vs. liver at low
concentration of CDVs (CDV-L). (C) Tissue weight-adjusted relative quantification of ex vivo fluorescence in various tissues. Bars indicate mean ± SD, N = 3,
aP < 0.05 vs. liver at CDV-H, bP < 0.01 vs. liver at CDV-M, cP < 0.001 vs. liver at CDV-L.
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C2C12Prokr1−/− myoblasts; to our knowledge, this is the first
report of a loss of myogenic potential of Prokr1-deficient
myoblasts. The defective myoblasts underwent apoptosis after
myogenic commitment. PROKR1-enriched CDVs prevented
apoptosis of myoblasts and induced myotube formation after
myogenic differentiation. Consistent with these findings, Prokr1
has been shown to play an important role in the differentiation of
various cell types. For example, Prokr1 restores the pluripotency
of epicardial-derived progenitor cells, and triggers the differen-
tiation of these cells into endothelial and vascular smooth muscle
cells.38–40 Prokr1 null mice display a lack of macrophage
migration and differentiation.39 Furthermore, adipocyte-specific
Prok1-deficient mice exhibit abnormal accumulation of abdom-
inal fat, suggesting that Prokr1 suppresses adipose tissue
expansion.17 Interestingly, in a number of obese patients, the
muscle fiber composition has been shown to differ from that of
non-obese subjects.41 C2C12 myoblasts are known to differen-
tiate into fast twitch and glycolytic muscle fibers under
conventional differentiation conditions.42 It is unclear whether
Prokr1 contributes to glycolytic muscle fiber specification, or
whether fiber-type selective apoptosis is induced when Prokr1
activity is abrogated. The previous findings, and those of the
present study, suggest that PROKR1 participates in specification
of the cell lineage. However, the precise mechanism underlying
Figure 5.Myogenic effect of PROKR1Tg CDVs on C2C12Prokr1−/− myotubes.(A
differentiation. Green: Phalloidin staining on actin myofiber, blue: DAPI staini
myogenic marker genes. Bars indicate mean ± SD, N = 3. aP < 0.05, bP < 0.001 v
WT day 6, eP < 0.01, fP < 0.001 vs. C2C12Prokr1−/− at differentiation day 0 (KO
uptake in WT C2C12 myotubes. (D) Insulin-stimulated glucose uptake in C2C12
untreated WT C2C12, hP < 0.01 vs. untreated C2C12Prokr1−/−, iP < 0.05 vs. ins
treated C2C12Prokr1−/−, Dunnett's multiple comparison test.
the myogenic control of PROKR1 is beyond the scope of this
study and will therefore be the subject of further research.

CDVs can be prepared in a reproducible and cost-effective
way. CDVs also exhibit higher circulation and retention times
due to a lower clearance rate. These unique features make CDVs
an attractive therapeutic option for disease control via the
delivery of active pharmaceutical ingredients. However, several
prerequisites must be resolved prior to clinical application of
CDVs. For example, our study showed that CDV amounts of
50 μg/mL or below were tolerable, which are equivalent to
4.8 × 104 CDV particles per cell. However, CDVs at more than
100 μg/mL, equivalent to 9.8 × 104 CDV particles per single
cell, induced cytotoxicity. Theoretically, approximately 1 × 104

CDV particles can be produced from a single cell by micro-
extrusion; therefore, this finding indicated that CDV can be
safely tolerated in amounts less than 5-fold the CDV production
capacity of cells. As CDVs are enclosed by a lipid bilayer, they
induce lipid-induced toxicity,8,43 which has been shown to
impede the transportation of biomaterials through the plasma
membrane of recipient cells.44 Moreover, sphingolipids, which
are abundant in the CDV membrane, have been shown to cause
necrosis or apoptosis in many cell types.45 While another group
has suggested that nanovesicles from HEK293T cells have
minimal toxicity and immunogenic effects in mice,46
)Microscopic examination of C2C12Prokr1−/− myotubes at day 0 and day 6 of
ng on nuclei. Scale bar = 200 μm. (B) RT-PCR analysis of early and late
s. WT C2C12 at differentiation day 0 (WT Day 0), cP < 0.01, dP < 0.001 vs.
Day 0), Dunnett's multiple comparison test. (C) Insulin-stimulated glucose

Prokr1−/−-derived myotubes. Bars indicate mean ± SD. N = 3. gP < 0.001 vs.
ulin (INS)-treated C2C12Prokr1−/−, jP < 0.01 vs. INS + PROKR1−/− CDVs-
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cytotoxicity of CDVs cannot be ruled out. Moreover, CDV
uptake is achieved via ATP-dependent endocytosis, and
excessive CDVs would restrict the uptake process.47 Tissue
specificity is another issue for targeted therapeutic delivery using
CDVs, because non-specificity of CDV biodistribution might
cause unexpected systemic side effects. It is known that
exosomes and vesicles preferentially target the cell type from
which they were derived.48,49 Based on these observations,
attempts are ongoing to increase the target specificity of CDVs,
including target-dependent selection of source cells50 and
surface marker engineering.32 Transgenesis of source cells is
another option to improve the target specificity of CDVs. Quality
control during CDV manufacturing will be especially important
to meet the regulatory guidelines for drugs and biological
products. Industrial quality guidelines for non-clinical and
clinical assessment of EV therapeutic products have been issued
by the Ministry of Food and Drug Safety of Korea, which
requires quality control in terms of the characterization of
starting materials; manufacturing method; separation, purifica-
tion, and characterization of EVs; and stability (https://nifds.go.
kr). CDVs have not been comprehensively characterized and the
extent to which their cargo can be expanded remains to be
confirmed. Therefore, establishment of quality control guidelines
will promote effective clinical application of CDVs.

In this study, we have demonstrated that CDVs from
PROKR1Tg cells can deliver a target protein to C2C12Prokr1−/−

myoblasts, reduce apoptotic cell death after myogenic commit-
ment, and rescue the morphological and functional development
of myotubes. Furthermore, PROKR1Tg CDVs were accumulated
in soleus muscle comparable to the liver without significant
differences. These results provide a basis for further assessment
of the potential of engineered CDVs as therapeutic agents.
Overall, CDVs appear to be an effective method for delivering
active pharmaceutical ingredients and could be used in
alternative therapies.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2021.102448.
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