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Abstract
Exosomes are nanovesicles secreted from cells, which is important for the
cell to cell communication. They are acting as shuttles to deliver biomolecules
including proteins, lipids, mRNA, miRNA, and DNA between different cells.
Exosomes

offer

significant

pharmacological

advantages

including

biocompatibility, stability, and low immunogenicity. However, translation to
clinical applications is limited by low yield of production, heterogeneity, laborintensive preparation procedure, and therapeutic loading. Cell-derived vesicles
(CDVs) can be considered as artificial alternatives due to high productivity and
biochemical compatibility to natural exosomes, which increase the clinical
applicability of CDVs.
In this study, the therapeutic effects of CDVs through the delivery of
pharmaceutical ingredients were evaluated, in particular for the recovery of
myogenic potential and glucose metabolism in muscle cells. To this end, a
proof-of-concept study was carried out by evaluating the delivery of green
fluorescent protein (GFP) to the target cells by CDVs.
GFP-enriched CDVs (GFPTg CDVs) were generated from human
embryonic kidney 293T (HEK293T) cells by micro-pore extrusions and
OptiPrep density gradient ultracentrifugation. Out of 107 cells, 100 μg of
GFPTg CDVs were generated, with 173.1nm in diameter, which was similar to
the natural exosomes. Western blot revealed that GFPTg CDVs had exosomal
marker CD9 and CD81. Furthermore, GFP protein and mRNA in GFPTg CDVs
i

were successfully detected in wildtype HEK293T cells from 60 min after
treatment and in the cells for up to 48 hrs.
Based on these findings, pharmacological studies were conducted to
determine whether the delivery of PROKR1 using CDVs can recover the
differentiation ability of C2C12Prokr1-/- cells that lost myogenic potential. Based
on these findings on target protein delivery through CDVs, researches turned
to Prokineticin receptor 1 (Prokr1). Prokr1 is important for the metabolic
homeostasis in the skeletal muscle, and C2C12Prokr1-/- myoblasts differentiate
into myotubes.

PROKR1Tg

CDVs

were

generated

from

PROKR1

overexpressing HEK293T cells, which had a diameter of 161.7nm, as well as
the canonical exosomal marker proteins including CD9 and CD81. In addition,
PROKR1Tg CDVs had PROKR1 protein, and PROKR1 protein was
successfully delivered to C2C12Prokr1-/- myoblast cells. The effect of the
PROKR1Tg CDVs on myoblast survival was determined by MTT assay, it was
determined that the optimal concentration of the PROKR1Tg CDVs for
treatment was 25 μg/mL and below without cytotoxicity. The anti-apoptotic
effect of PROKR1Tg CDVs in myocytes was confirmed by flow cytometry
analysis, and it revealed that PROKR1Tg CDVs significantly reduced the
apoptotic cell death of C2C12Prokr1-/- myocytes apoptotic cells by 8.4%
compared to wild-type C2C12 myocytes. PROKR1Tg CDVs enabled the
myotube formation from C2C12Prokr1-/- myoblasts with authentic markers
expression including up-regulation of Myh7, Mb, and Myog, and downregulation of Pax3, Pax7, and MyoD. Furthermore, PROKR1Tg CDVs-induced
ii

C2C12Prokr1-/- myotubes showed insulin-stimulated glucose uptake, response
comparable to the wile type C2C12 myotubes. These results imply that
PROKR1Tg CDVs could efficiently deliver PROKR1 into C2C12Prokr1-/myoblasts and recover their myogenic function.
Taken together, these results provide a basis for further evaluation of the
therapeutic potential of PROKR1Tg CDVs as therapeutic agents. CDVs appear
to be an effective means of delivery active pharmaceutical ingredients and
could be used for alternative therapy.

Keywords: apoptosis, C2C12, CDVs, GFP, glucose uptake, myogenesis,
PROKR1
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Introduction
1. Exosomes
Exosomes are the smallest extracellular vesicles, with a diameter range
from 30 to 150 nm [1-3], which is recognized important in cell to cell
communication. Exosomes are released from multicellular organisms, exist
extensively in various body fluids such as blood, urine, semen, lymph, milk,
and saliva [4, 5]. Exosomes density ranges from 1.13 to 1.19 g/mL that can be
separated by the sucrose gradient [6]. Exosomes have an endosomal origin,
finally fuse with the cell surface and subsequently released from the cells.
Exosomes are enveloped in a lipid bilayer membrane, reflecting they are
originating from intracellular endocytic compartments. They acted as shuttles
to deliver various biomolecules including proteins, lipids, mRNA, miRNA,
and DNA between different cells (Figure 1). Exosomes express cell surface
markers include tetraspanins (CD63, CD81, CD9), antigen presentation
molecules (MHC I and MHC II) and others such as Alix, flotillin-1, Tsg101.
Besides, the combination of markers is more reliable to define exosomes
biochemically [7, 8]. Exosomes have been proposed for useful drug vectors
than synthetic polymers because they are composed of cell membranes, and
well tolerable to the cells [8].
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Figure 1. The molecular components of exosomes
Exosomes are known as a phospholipid bilayer enclosed vesicle containing
various proteins on their surface membrane. Internally, exosomes are
comprised of nucleic acids and numerous proteins. This image came from the
report of Whitehead et al. (2017) [9].
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1.1 Biogenesis
Most mammalian cells contain an endomembrane system and generate
exosomes. Cell

dynamic membrane compartments

involve

in

the

internalization of extracellular ligands or the organization of cellular
components [10]. Portions of the plasma membrane are regularly internalized
as endosomes, and early endosomes mature into late endosomes, which are
called multivesicular bodies (MVBs) with intraluminal endosomal vesicles
(ILVs) (Figure 2) [11] The ILVs become exosomes when the MVBs fuse with
the cell surface in an exocytic manner [12, 13]. But another class of MVBs
eventually delivered to lysosomes for degradation.
The sorting of protein complexes into MVB vesicles has at least two
mechanisms, endosomal sorting complex required for transport (ESCRT)dependent and ESCRT-independent mechanisms [14]. The ESCRT is a key
mediator of MVB biogenesis. ESCRT complexes have several distinct
ubiquitin-binding motifs [15, 16]. ESCRT-0 as a detection module for initiating
the ESCRT pathway at endosomes. ESCRT-0 and ESCRT-I complexes
recognize ubiquitinated proteins in the endosomal membrane. They are
involved in MVB-dependent cargo sorting. ESCRT-II plays a critical role in
initiating ESCRT-III complex formation [17], ESCRT-III complex is
responsible for membrane budding [18]. Also, various cell types have different
enrichment of ESCRT components and ubiquitinated proteins [19]. But lots of
evidence favors another in ESCRT-independent pathway manner for sorting

3

exosomes cargo into MVB. Additionally, this pathway requires lipids such as
ceramide which related to lateral phase separation and membrane invagination
that may facilitate vesicle biogenesis [20]. Either the ESCRT-dependent or
independent mechanism may act variously depending on the origin of the cell
type.

Figure 2. Exosomes biogenesis
Exosomes are generated in endosomes. Early endosomes develop into the late
multivesicular body (MVB) harboring several exosomes. Exosomes contain
various biomolecular such as proteins, RNA, and DNA. The representative
image of exosomes is observed by the transmission electron microscope (TEM)
in the right insert. This figure is cited from Gurunathan et al. (2019) [21].
4

1.2 Secretion
MVBs have two potential fates. One population of exosomes is delivered
to lysosomes and degraded. Another population fuses with the plasma
membrane and is released as exosomes because of the enrichment of
cholesterol in the MVBs to facilitate the exosome secretion [22]. Some energy
barriers must be overcome during this process. A lot of protein-lipid and
protein-protein interactions have been shown to reduce these energy barriers
and facilitate fusion as well as target-specific binding of exosomes.
Proteins

implicated

in

membrane

fusion

include

soluble

N-

ethylmaleimide-sensitive protein binding factor receptors (SNAREs),
tethering factors, Rabs, and other Ras GTPases [23]. In human
erythroleukemia cells, the secretion process involves the small GTPase
Rab11[24]. It was shown that in T-cells, Rab27A and Rab27B play
complementary roles in the spontaneous secretion of MHC class II-bearing
exosomes [25]. Many Rabs proteins involved in exosome secretion especially
Rab7 attached to the MVB recognizes receptor. Nonetheless, it is not known
that various Rabs function at separate levels of exosomal secretion or are used
differently used by particular types of cells [26]. The final step of exosome
secretion needs the fusion of MVBs with the plasma membrane. This process
possibly involves a specific combination of SNAREs, vesicular SNAREs (vSNAREs) can interact with target SNAREs (t-SNAREs), to form a membranebridging SNARE complex, responsible for membrane fusion [27].

5

1.3 Uptake
Exosomes secreted from cells to extracellular space, carry functional
proteins and nucleic acids to recipient cells, thus facilitate an impact on the
cellular process of the recipient cells. To this end, exosomes must fuse with
target cell membranes for endocytosis. Cells take up exosomes by a variety of
endocytic pathways (Figure 3), including direct fusion, clathrin-dependent
endocytosis, caveolin-mediated endocytosis, or clathrin/caveolin-independent
endocytosis, phagocytosis, micropinocytosis, and lipid

raft-mediated

internalization [28]. Multiple receptor-mediated endocytosis (RME) has been
linked to exosome internalization in each of these pathways. The recipient cell
type may determine the specific type of internalization, each subtype of
endocytosis has been defined in the exosomes and cell-derived mimetic
vesicles internalization process. However, further work is required to establish
the driving factors behind the specific mechanisms. Endocytosis mechanism
depends on proteins and glycoproteins found on the surface of exosomes and
the target cell, interestingly, exosomes entry into the same type of target cell
via more than one route [29] (Table 1). For example, dendritic cells employ
multiple endocytic pathways in the uptake of exosomes, including
micropinocytosis, phagocytosis, and lipid raft mediated internalization[30] and
receptor-mediated endocytosis [31]. Epithelial cells show the most diversity in
exosome uptake of all the cell type, include clathrin-dependent endocytosis,
caveolin-mediated endocytosis, lipid raft mediated internalization and multiple
receptors [32, 33].
6

Figure 3. Cellular uptake of exosomes
The entry process of intact exosomes is divided by receptor-mediated
endocytosis, clathrin-coated pits, lipid rafts, phagocytosis, caveolae, and
micropinocytosis. The delivery of the exosomal content to the target cells is
mediated by ligand-receptor-induced intracellular signaling or fusion to
deposit the contents of the exosomes into the cytoplasm. This figure is
modified from Kalluri et al. (2020) [34].
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Table 1. Endocytosis pathways of exosomes and CDVs internalization
Endocytosis
pathway

Recipient
cell type

Recipient
cell line

Cell source of
exosomes

Reference

Phagocytosis

Epithelial

Ovarian cancer cell
(SKOV3)

SKOV3

[35]

DCs

Mouse primary

Mouse dendritic cell

[30]

Epithelial

SKOV3

SKOV3

[35]

Epithelial

Breast cancer
(MCF7)

Normal breast
epithelial cell (MCF10A) cell-derived
vesicles

[36]

Endothelial

Brain microvascular
endothelial

HEK 293T

[37]

Epithelial

Breast cancer
(MCF7)

Normal breast
epithelial cell (MCF10A) cell-derived
vesicles

[36]

Epithelial

SKOV3

SKOV3

[35]

Micropinocytosis

Clathrin-mediated
endocytosis
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(Cont’d) Table 1. Endocytosis pathways of exosomes and CDVs internalization
Endocytosis
pathway
Caveolin-dependent
endocytosis

Lipid raft-dependent
endocytosis

Recipient
cell type

Recipient
cell line

Cell source of
exosomes

Epithelial

Breast cancer
(MCF7)

Endothelial

hCMECD3

Endothelial

Brain microvascular
endothelial

Dendritic cell

Mouse primary

Mouse dendritic cell

[30]

Epithelial

SKOV3

SKOV3

[35]

Normal breast
epithelial cell (MCF10A) cell-derived
vesicles
Macrophage
(RAW264.7)
Embryonic
kidney cell
(HEK 293T)

Reference

[36]

[38]
[37]

Brain microvascular
HEK 293T
[37]
endothelial
SKOV3: Ovarian cancer cell; DCs: Dendritic cells; MCF: Michigan Cancer Foundation; HEK 293T: Human Embryonic
Endothelial

Kidney 293T; hCMECD3: Human Cerebral Microvascular Endothelial Cell; RAW264.7; Mouse macrophage cell;
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1.4 Function and application
1.4.1 Biomarkers of diseases
It is well known that exosomes can be found in various body fluids. Since
the exosomes contain different composition of proteins, lipids, and miRNA
under different pathophysiological conditions, exosomes can be a useful
biomarker for detection of diseases. Tetraspanins such as CD9, CD63 and
CD81 are membrane proteins that are present in exosomes originated from
nearly most of the cell types. CD9 expression is reduced in metastatic tumors
relative to primary tumors and is associated with poor prognosis of advanced
cancers [39]. The expression of CD63 is down-regulated upon melanoma
progression [40]. CD81 is overexpressed in breast cancer [41]. Tumor cells
secrete ten times more vesicles than normal cells, and it is assumed that the
secreted vesicles are the most efficient means of transferring tumor and
metastatic information to both normal and tumor cells [42]. TSG101 is also a
useful biomarker to estimate the number of exosomes in tumors [43].
Exosomal miRNA analysis reveals that a certain type of miRNA in
exosomes collected from the blood of patients can be used as a biomarker of
lung cancer diagnosis [44]. Exosomal miR-92a concentrations are potential
serum biomarkers for brown fat activity in mice and humans [45]. So, miRNA
opening the prospect of early disease detection using circulating exosomes as
screening tools. Inspiringly, exosomal miR-21 has a strong potential to be used
as a universal biomarker to identify cancers [46].
10

1.4.2 Drug delivery system
Exosomes offer a variety of advantages over conventional drug delivery
systems, such as viral or synthetic nanoparticles. Virus-based drug delivery
systems fuse the advantages of natural viruses, including their outstanding
capacity to enter host cells and integrate their viral genomic content into the
host genome. However, their potential for insertional mutagenesis or
oncogenesis, high cost of production and risk of immunogenicity limit their
clinical use. Synthetic nanoparticle-based drug delivery systems, such as
cationic polyplexes and lipoplexes, are known to be less immunogenic and
mutagenic, but cytotoxicity, immunogenicity and low transfection efficiencies
in vivo are still major challenges to address.
Exosomes have excellent advantages over the previously introduced drug
delivery systems, and exosomes draw wide attention in the field of drug and
nucleic acid delivery (Figure 4). The main potential advantages are
biodistribution and biocompatibility. They are membrane-permeable and
efficient after systemic delivery, and can also cross the blood-brain barrier [47].
Exosomes isolated from brain endothelial bEND.3 cells were able to deliver
the rhodamine‐123 dye across the blood-brain barrier (BBB) via the cardinal
vein of zebrafish [48]. Most importantly, exosomes have immune tolerability,
even with repeat administration, exosomes act well in non-immunosuppressed
mice [49]. Exosome can carry proteins, miRNAs, siRNAs and other
therapeutic drugs because these cargoes are stable inside of exosomes. They
have tough lipid bilayer, which can protect cargo from degradation while
11

keeping bioactivity [50]. In fact, when marked exosomes were inserted into the
bloodstream, they were observed to be distributed to tissues across the body
within minutes, this makes them one of the fastest delivery vehicles [51]. In
addition, markers on the surface of the exosomes act as targeting subunits,
allowing them to bind to targeted cell types for mediating the exchange
information and signal transductions [52, 53]. Altered surface molecules on
exosomes have been shown to inhibit circulation clearance, such as blocking
the scavenger receptor class A family to limit liver clearance [53]. Moreover,
the small size and slight negative charge of exosomes make it possible to avoid
clearance through the reticuloendothelial system, which in effect decrease
renal clearance [54]. The most common method for loading small-molecule
drugs is mixing the drugs solution and with exosomes suspension and
incubating them at 25-37℃ [55]. Loading small molecule drugs and siRNA
using electroporation can achieve 15-30% efficiency [56].
Despite these potential advantages, exosomes still at a primitive stage.
The only studies that have been completed in terms of clinical applications are
exosomes from dendritic cells in cancer immunotherapy, with mixed results
[57]. One case report that intravenous MSC exosomes to treat host-refractory
disease come out apparent short-term success [58]. At present, fundamental
unresolved issues of exosome manufacturing include batch-to-batch variation,
purity, quality control [59]. Additional studies are needed to determine positive
and limited health aspects of exosomes, research concerning exosomes open a
new perspective in our understanding of inter-organ cross-talk.
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Figure 4. Advantages of exosomes
Exosomes carry DNAs, RNAs and protein, surrounded by tough lipid bilayer,
which can protect exosomes from degradation. Because exosome originate
from cell, they have high biocompatibility. Markers on the surface of the
exosomes act as targeting subunits for target recipient cells. Exosome can be
distributed to tissues though bloodstream within minutes. Small size and slight
negative charge of exosomes decrease clearance in tissue. They are membranepermeable and efficient after systemic delivery, and even can cross the bloodbrain barrier. This figure is cited from Zhu et al. (2018) [60].
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2. Cell-derived vesicles (CDVs)
CDVs are derived from cells and incorporate many cellular contents from
the parental cells, such as membrane proteins, intracellular proteins, DNA, and
RNAs. CDVs present many similarities with exosomes in aspects of their size,
morphology, membrane proteins, and lipid composition [61]. Besides, RNA
profiling revealed that CDVs enclose intracellular RNAs from parental cells,
too.

2.1 General features of CDVs
Substantial evidence has shown the tendency of natural exosomes as drug
delivery vehicles, they offer significant advantages including biocompatibility,
stability and low immunogenicity. However, translation to clinical applications
was limited by low yield, small scale manufacture, heterogeneity, laborintensive isolation, and therapeutic loading. For these reasons, recent attention
has been drawn to the possibility of generating cell-derived vesicles (CDVs)
with high reproducibility, cost-effectiveness, scalable production and less
immune response.
CDVs derived from cells with higher circulation retention and lower
clearance rate, increased circulation time of their therapeutic cargo in the body,
without the fear of any stimulated systemic toxicity than synthetic drug
delivery systems. This robust and long-circulated endogenous nanocarriers
shield the drug cargo from degradation and improve drug distribution to
specific tissues[62]. The greater advantage of cellular vesicles is that they
14

escape from innate immune recognition, avoiding the rapid degradation and
clearance by the immune defense systems[63].

2.2 Preparation of CDVs
Preparing CDVs are obtained artificially generated nanovesicles from
broken cells. For example, scientists generate CDVs from hepatocyte cells by
serial extrusions through filters and isolated these vesicles using an OptiPrep
density gradient, these CDVs have 100-fold increased vesicle production yield
[64]. It has been shown that nanovesicles express lymphocyte antigen-1 (LFA1) that can bind with endothelial cell adhesion molecules (CAMs),
overexpressed in tumors. Remarkably, drug-loaded CDVs into mice resulted
in their decrease in tumor tissue size and subsequent reduction of tumor growth,
while injecting free drug CDVs, there is no toxic side effects present [65]. Yoon
et al. [66] had proposed an alternative method for generating CDVs. Living
cells were sliced with microfabricated micro fabricated 500 nm-thick silicon
nitride blades while flowing through a standardized microfluidic system
(Figure 5). After cells sliced out of the system, the plasma membrane
spontaneously self-assembled into approximately 100 to 300 nm diameter
spherical CDVs. These successful examples show the potential to generate
large scale CDVs for drug delivery. The above-described methods generate a
high yield of CDVs from living cells in a short time. Exosomes isolation
methods usually require up to 4 days, whereas CDVs production can be
completed in a single day. However, it is currently unknown whether these
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CDVs also have the benefits of natural exosomes, including low
immunogenicity and biocompatibility.

2.3 Pharmacological effects of CDVs on various diseases
Recent reports that CDVs as viable nanocarriers for drugs in the treatment
of various diseases (Table 2). CDVs were demonstrated to successfully deliver
doxorubicin to tumor tissues and significantly reduced tumor growth without
the adverse effects [67]. In another report, researchers used cellular carriers in
liver regeneration. Cellular vesicles were formed by repeated extrusions of
primary hepatocytes and then injected intravenously in mice. It was seen that
the CDVs supplied the protein content of the parental cells and that they
successfully facilitated hepatocyte proliferation in vitro and liver regeneration
in vivo [64]. Strategies inspired by this study could lead to the usage of cellderived vesicles in drug delivery.
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Table 2. Examples of CDVs nanocarriers in the treatment of various diseases.
Cell source of
CDVs

Therapeutic
ingredient

Recipient
cell or tissue

Function

References

Hepatocyte

Sphk-2

Hepatocyte

Facilitate hepatocyte
proliferation in vitro and
liver regeneration in vivo

[64]

U937

doxorubicin

HeLa

Reduced tumor growth

[67]

MCF-10A

CDK4 siRNA

Xenograft mouse
tumor

Anti-tumor effect

[36]

MSC

paclitaxel

breast cancer cell
BALB/c tumor mice

Inhibition of cancer growth

[68]

λ820 cells

Inhibition of cellular c-Myc,
target diseases associated
with c-Myc over-expression,
including cancer.

[69]

NIH3T3

c-Myc siRNA

doxorubicin, 5TNFα-treated
FU, gemcitabine,
HUVECs and
Reduce tumor growth
[70]
carboplatin
CT26 cells
U937: Human monocytes cells; Sphk-2: sphingosine kinase 2; CDK4: Cyclin-dependent kinase 4; λ820 cells: mouse
U937 and
Raw 264.7

lymphoma cells; NIH3T3: mouse embryonic fibroblast cells; HUVECs: Human umbilical vein endothelial cells; Raw
264.7: Murine mouse macrophages; CT26: musculus colon carcinoma;
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(Cont’d) Table 2. Examples of CDVs nanocarriers in the treatment of various diseases.
Cell source of
CDVs
Raw 264.7
D3
D3

NK

Therapeutic
ingredient

Recipient
cell or tissue

Function

References

radiolabeling
agent 99mTcHMPAO
mOct3/4 and
mNanog
No intention of
specific
compounds

BALB/c mouse

Biodistribution of exosomes
and artificial counterparts in
vivo

[71]

NIH-3T3 fibroblast
cells

Gene delivery

[61]

murine skin
fibroblasts

Enhanced cell proliferation
for regenerative medicine

[72]

caspase-8 and
caspase-3

glioblastoma, breast
carcinoma, anaplastic
thyroid cancer and
hepatic carcinoma
cells and xenograft
glioblastoma mouse

Induce the apoptosis of the
cancer cells

[73]

inhibit proliferation of LLC
cells in vitro and to inhibit
MSC
Rluc
LLC tumors
[74]
progression of LLC tumor
xenografts in vivo
99mTc-HMPAO, 99mTc-hexamethylpropyleneamineoxime; D3: Murine mouse embryonic stem cell line; NIH3T3:
mouse embryonic fibroblast cells; NK: Natural killer Cells; LLC, Lewis lung carcinoma;
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3. Prokineticin receptor 1 (PROKR1)
Skeletal muscle is a major organ in body energy metabolism, and up to
70% of energy is derived from free fatty acid (FFA) in resting muscle. Insulin
promotes glucose uptake into the skeletal muscle [75]. Patients of Type 2
Diabetes (T2D) are characterized by an increase in plasma free fatty acids [76].
High concentration of FFA can directly impair insulin signaling called insulin
resistance in skeletal muscle. Obesity has been a known risk factor for T2D[77].
Obesity becomes a major health problem, due to its increasing prevalence and
mortality. Obesity can induce a big risk factor for cardiovascular disease,
diabetes mellitus, musculoskeletal disorders and some cancers. Obesity results
from an excess energy imbalance between calorie intake and consumption,
coupled with other metabolic disorders such as insulin resistance.
Metabolically important proteins known as 'adipokines' secreted from adipose
tissue which play a major role in appetite and insulin resistance [78].
Recently, prokineticin as a newly identified group of adipokines, have
high levels in obese human white adipose tissues [79]. Prokineticin-2 (PK2) is
a hormone of angiogenesis and anorexia, which activate two similar G-proteincoupled receptors: Prokineticin receptor 1 (Prokr1) and Prokineticin receptor
2 (Prokr2). The peripheral injection of prokineticin-2 has been shown to reduce
food intake and body weight in lean and obese mice at the levels of dorsal vagal
complex via Prokr1 [80]. PK2 binding affinity for Prokr1 is significantly
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greater than Prokr2 [81]. It is involved in diverse effects in different organs or
tissues (Figure 5).

3.1 PROKR1 in adipose tissue
Prokr1 is the main receptor expressed by preadipocytes and adipocytes
[82]. In Prok1-deficient (Prokr1ad−/−) mice, abnormal accumulation of
abdominal fat mass was observed, attributed to the expansion of white adipose
tissue, which indicates that Prokr1 can suppress preadipocyte proliferation and
differentiation, controlling adipose tissue expansion [79].
Adipose tissues are highly vascularized and the adipose vasculature
exhibits phenotypic and functional plasticity to balance the metabolic needs of
adipocytes. Adipose angiogenesis plays a major role in modulating insulin
sensitivity [83]. Also, endothelial-specific Prokr1 knockout mice (Prokr1ec-/-)
display insulin tolerance in adipocytes with low levels of capillary formation
[84].
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Figure 5. Prokineticin 2 (PK2)/PROKR1 signaling in different tissues
PK2/PROKR1 signaling may act as a new connector between the development
of obesity, diabetes and cardiovascular diseases. PROKR1 deficiency promotes
WAT expansion and insulin resistance, and alters food intake in mice. Whether
reduced level of PROKR1 or functional mutated PROKR1 involves these
disorders in human needs to be studied. PK2/ PROKR1 signaling in the CNS
regulates food intake. PK2 released from adipocytes controls preadipocyte
conversion to adipocyte via PROKR1 signaling and may affect food intake via
CNS. Circulating or local PK2 signaling via PROKR1 contributes development
and function of heart and kidney. PKR1: Prokineticin receptor 1; PK2:
Prokineticin 2; CNS: central nervous system. This figure is cited from Nebigil
et al. (2017) [85].
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3.2 PROKR1 in endothelial cells
Prokineticin-2 enhances endothelial cell proliferation and migration.
Prokineticin receptors act selectively in endothelial cells (EC) derived from
different tissues (Figure 6). Prokr1 is strongly expressed in endothelial
arteriole and vascular cells, while Prokr2 is strongly expressed in fenestrated
endothelial cells [86]. Prokineticin-2/Prokr1 signaling promotes vessel-like
formation in H5V cells by Akt and MAPK kinase-1 phosphorylation [87]. Two
highly similar G protein-coupled receptors have divergent endothelial cell
roles owing to their binding to two separate G signal proteins. Genetically
induced Prokr1 loss in the endothelial cells causes impaired capillary
formation and trans-endothelial insulin delivery, leading to insulin resistance
disorders [84]. Also, the loss of Prokr1 in ECs leads to defective angiogenesis.
Prokineticin-2 specifically facilitates angiogenesis by binding to Prokr1,
through activating mitogen activated protein kinase (MAPK) and Akt pathway
[88]. The endothelium plays a crucial function in the transcapillary
transmission of insulin to the skeletal muscle interstitium, and this process is a
speed-limiting stage in insulin-stimulated glucose uptake [89]. As a result,
these data emphasize the role of Prokr1 as a successful regulatory effects
insulin delivery regulator and increases insulin sensitivity.
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Figure 6. Functional effects of PROKR1 signaling transduction
A. The expression ratio of prokineticin receptor-1 (PKR1) to PKR2 receptors
in coronary endothelial cells (ECs). PKR1 is more abundant in the early
passages of coronary ECs. It mediates prokineticin-induced proliferation,
migration, and angiogenesis. As they approach senescence, coronary ECs
predominantly express PKR2 with increasing passage number. PKR2 mediates
prokineticin-induced fenestration of ECs.
B. PKR1-mediated cellular interaction in heart. Endothelial PKR1 signaling is
a key signaling for cardiomyocyte (CM) survival.
C. CM PKR1 signaling induces endothelial cell (EC) proliferation and
angiogenesis.
D. EPDC PKR1 signaling is important for differentiation of these cells into
EC and smooth muscle cells to promote neovasculogenesis. VSMC: Vascular
smooth muscle cells.
E. Role of PKR1 on insulin transpassage in ECs. Activation or overexpression
of PKR1 in ECs increases insulin uptake. It also increases NO synthase (NOS)
expression and phosphorylation, thereby regulating endothelial dependent
relaxation. PKR1 signaling via Akt and MAPK regulates proliferation,
migration, and capillary formation. EPDC indicates epicardial derived
progenitor cell; and MAPK, mitogen-activated protein kinases. This figure is
cited from Nebigil et al. (2016) [90].
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3.3 PROKR1 in heart
Prokr1 plays a significant function in the cardiac progenitor cell
particularly, Prokr1 restores the pluripotency of the epicardial-derived
progenitor cells (EPDCs) and triggers the differentiation into endothelial and
vascular smooth muscle cells [88]. Transgenic Prokr1 overexpressing mice in
cardiomyocytes present postnatal coronary angiogenesis and vasculogenesis
under paracrine regulation [91]. Interestingly, Prokr1null mice had contractile
cardiomyocyte defects and apoptosis partially due to loss of Prokr1 signaling
in cardiomyocytes [92]. Prokr1 signaling protects cardiomyocytes by
activating the Akt signaling system against hypoxia-mediated apoptosis,
transient expression of Prokr1 lowers mortality and retains left ventricular
activity by fostering angiogenesis contributes to cardiomyocyte survival or
repair in the mouse model of myocardial infarction [93], it provides a novel
therapeutic target to limit myocardial injury following ischemic events.

3.4 PROKR1 in skeletal muscle
In a healthy human, glucose uptake in skeletal muscle is mediated by
insulin, insulin promotes glucose uptake into the skeletal muscle in a dosedependent manner. In insulin resistant states, insulin-stimulated glucose uptake
in skeletal muscle is dramatically reduced through suppressing Akt pathway.
The insulin signal pathway in the skeletal muscle involves the Insulin-Receptor
Substrate (IRS)/Phosphoinositide 3-kinase (PI3K)/ protein kinase B (Akt)
signal [94]. Firstly, insulin binds with the insulin receptor, activated insulin
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receptor induces autophosphorylation on tyrosine residues. Then insulin
receptor phosphorylates IRS-1 and IRS-2, which activate the PI3K/Akt
pathway [95].
Tissue distribution analysis revealed that the expression of Prokr1 was
observed in skeletal muscle [82, 96]. Prokr1 signaling has insulin-sensitizing
effects on skeletal muscle [97]. There is evidence shows that Prokr1
signiﬁcantly activated PI3K/Akt signaling pathway in myotubes derived from
C2C12. Prokr1 activation enhanced insulin-stimulated Akt phosphorylation as
well as Glut4 translocation to the plasma membrane and ameliorates insulin
resistance in mouse skeletal muscle cells [98]. Taken together, Prokr1 would
be a potential target for the treatment of insulin resistance.
In this study, we investigate the Prokr1 role in myogenesis and insulin
resistance in skeletal muscle using murine myoblast cell line (C2C12). As
exosome and can deliver protein and nucleic acid, here we test 1) if CDVs can
deliver protein and RNA 2) whether PROKR1 membrane protein are taken up
by C2C12Prokr1-/- cells and 3) whether PROKR1 protein can induce myogenesis
and insulin-accumulated glucose uptake in C2C12Prokr1-/- cells.

26

Material and Method
1. Generation of genetically engineered cells
To establish the PROKR1 transgenic human embryonic kidney 293T
(HEK293T) cells, the genetic engineering express PROKR1 vector was cotransfected with piggyBac transposon (Systems Biosciences, Palo Alto, CA,
USA) using Lipofectamine 3000 (Invitrogen, Carlsbad, VA, USA) according
to the manufacturer’s protocol (Figure. 7). Seeding cells in culture plates until
it reaches to 80% confluency. Wash cells with phosphate-buffered saline (PBS;
Gibco, Grand Island, NY, USA) and refresh them with 2 ml of the culture
medium with no antibiotic-antimycotic agent. In each well was added the
plasmid DNA-lipid complex consisting of 7.5 μL Lipofectamine 3000 reagent
in 250 μL Opti-MEM (Invitrogen, Carlsbad, VA, USA) and 10 μL P3000
reagent with a 2.5 μg piggyBac transgene vector and piggyBac transposase
plasmid in 250 μL Opti MEM. One day after lipofection, 10 μg puromycin mL1 was added to select the cells stably transfected with the transgene.
To knock out the PROKR1 gene in HEK293T cell lines, the expression
vector RNA (gRNA) guide and Cas9 carrying the enhanced green fluorescent
protein (eGFP) transgene (Sigma-Aldrich, St. Louis, MO, USA) were cotransfected at a ratio of 1:1 (2.5 μg each) using Lipofectamine 3000. HEK293T
cell lines were harvested and resuspended one day after lipofection in PBS
containing 1% bovine serum albumin (BSA; Sigma, St. Louis, MO, USA), and
passed through a 40 μm cell strainer (Becton, Dickinson and Company,
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Franklin Lakes, NJ, USA) for fluorescence-activated cell sorting using a FACS
Aria TM III cell sorter (Becton, Dickinson and Company). Single GFPpositive HEK293 T cell lines were picked under a microscope after enrichment
of GFP-positive cells, and seeded on individual wells of a 96-well plate.

2. Cell culture
Wildtype HEK293T cells were purchased from American type culture
collection (ATCC, Manassas, VA, USA). GFPTg HEK293T cells, PROKR1Tg
HEK293T cells and HEK293PROKR1-/- cells were produced by professor Taesub
Park, they were cultured in 4.5 g/L D-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, Grand Island, NY, USA) which include 10% (v/v)
exosome-free FBS, 1% (v/v) antibiotic-antimycotic (Gibco, Grand Island, NY,
USA) at 37°C in 5% CO2/95% O2 humidified air. After cells confluency is
~80%, cells are ready for generate CDVs.
C2C12 cell line (ATCC) and C2C12Prokr1-/- cells were maintained in 1 g/L Dglucose DMEM (Gibco) that include 20% v/v exosome-free FBS, 1% (v/v)
antibiotic-antimycotic (Gibco) and differentiated in 4.5 g/L DMEM with 2%
(v/v)

horse serum (Gibco) after reaching 80% confluence. The C2C12

myoblasts were differentiated into myotube after differentiation 6 days.

3. Preparation of CDVs
The adherent transgenic HEK293T cells were detached and resuspended
in DPBS at 107 cells/ml. The cell suspension was serially extruded 7 times
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through polycarbonate membranes filters with pore sizes of 10, 5 and 1 μm
Nucleopore Trac-Etch Membrane (Whatman, Avanti Polar Lipids, Inc,
Alabaster, Alabama, USA) using micro-extruder (Whatman, Avanti Polar
Lipids) (Supplementary figure 1A). Unpurified CDVs was through 0.2 μm
filter to exclude bigger size of CDVs. To perform two-step sucrose OptiPrep
(Sigma, St. Louis, MO, USA) density gradient ultracentrifuge, 50% OptiPrep
(1.5 ml), 10% OptiPrep (1.5 ml) and the sample (7 ml) were placed in an
ultracentrifuge tube from bottom to top and then ultracentrifuge at 100,000×g
for 2hr at 4℃. CDVs were obtained from the interface of 50% and 10%
OptiPrep layers and then washed with DPBS. At last step, resuspend purified
CDVs in DPBS.

4. Size distribution analysis of CDVs
The size distribution of CDVs was measured by Malvern Zetasizer Nano
ZS (Malvern, Worcestershire, UK). CDVs (10ug) were diluted in 500ul DPBS,
put in the disposable cuvette ZEN0040 (Malvern, Worcestershire, UK) and do
measurement. Three independent sample were measured.
The CDVs purity is confirmed by 1260 Infinity high-performance liquid
chromatography (HPLC; Agilent, Santa Clara, CA, USA). The size-exclusion
column (SEC, CG103-25) is used for HPLC. HPLC system equipped with an
autosampler and UV detector. Before SEC, prepare 100% methanol, 20%
methanol and PBS solution. Make 20% methanol and PBS solution through
0.2 μm filter and sonicate 15 min to remove air. Importantly, be sure to remove
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air from the pipe every time change the mobile phase. First, running 100%
methanol overnight and change to PBS buffer (PH=7.4) for HPLC mobile
phase. After the mobile phase is stable, 30 μL sample was injected, and the
flow rate is 0.5ml/min. The column is calibrated with a high molecular weight
kit (Gel filtration Calibration Kit HMW, GE Healthcare; Kenilworth, NJ, USA),
which contains 6 proteins from 44 kD (ovalbumin) to 2000 kD (blue dextran).
CDVs are detected at a UV wavelength of 254 nm.

5. Quantitative analysis of CDVs content
The quantities of CDVs were determined using the Bradford (Bio-Rad,
Hercules, CA, USA) protein assay. The total protein of CDVs was measured
using Bicinchoninic acid (BCA) protein assay kit (Thermo Fisher scientific,
MA, USA). CDVs were lysed using a Radio-immune-precipitation assay
(RIPA; Thermo scientific, MA, USA) buffer for 5 min and their lipids were
removed by centrifugation at 10,000×g for 10 min. CDVs RNA were extracted
by TRIzol Reagent (Ambion, Life Technologies, Austin, TX, USA) and
chloroform. Finally, CDVs RNA was dissolved in RNase Free Water (Qiagen,
Venlo, Nederland). To confirm GFPTg CDVs contain mRNA, extract GFPTg
CDVs RNA. After extract sample RNA using TRIzol method, RNAs were
qualified using a spectrophotometer (IMPLEN).
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6. Western blotting
Cells and CDVs were lysed by Pierce RIPA buffer (Thermo Fisher
Scientific). Lipid particles were removed at 14000×g for 15min, then protein
concentration was determined by the BCA Protein Assay kit (Thermo Fisher
Scientific). Equal amount of protein (30 μg) denatured at 95℃, 5min, then
loaded into each well and running in 10% SDS-PAGE gel at 100 V for 80 min.
Proteins were transferred to nitrocellulose membranes and run at 100 V for 2
hrs. Check the transfer quality using Ponceau S solution (Sigma, St. Louis, MO,
USA) staining. Then nitrocellulose membranes were blocked in 5% BSA
(Sigma, St. Louis, MO, USA) in TBST (0.2% tween20 in TBS), then incubated
overnight at 4℃ with primary antibody. The samples were coated with
secondary antibody for 1 h at room temperature, and then proteins were
detected by an enhanced chemiluminescence kit (Bio Rad). The primary
antibodies were anti-β-Actin (Santa Cruz, sc-47778), anti-CD9 (Abcam,
ab92726), anti-CD81 (Abcam, ab109201), anti-Prokr1 (Biorbyt, orb162427);
the secondary antibodies were anti-mouse HRP (Thermo Fisher, 31460), antirabbit HRP (Thermo Fisher, 31430). Primary antibody anti-Prokr1was diluted
1:500, anti-β-Actin and CD81 were diluted 1:1000, anti-CD9 was diluted
1:2000. The secondary antibody was diluted 1:1000.

7. RT-PCR
To confirm GFPTg CDVs maintained in wildtype cells, we treat 200 μg/ml
GFPTg CDVs to wildtype HEK293T cells in 48 well plate, and harvest
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wildtype HEK293T cells at different time point using 0.25% trypsin-EDTA
(Gibco，Grand Island, NY, USA). Samples of RNAs (<5 μg) were reversetranscribed using a reverse transcription kit (Invitrogen, Carlsbad, CA, USA)
at 65℃ for 5 min, at 50℃ for 60 min, at 70℃ for 15 min and 37℃ for 20 min
serially. Polymerase chain reaction kit (PCR) was performed using a PCR kit
(Invitrogen, Carlsbad, CA, USA) with primers for human-GAPDH and GFP.
The PCR process consisted of denaturation at 95℃ for 4 min, followed by
32cyclcles of amplification at 95℃ for 30 s, 60℃ for 30 s, 72℃ for 1 min and
extension at 71℃ for 5 min.
Quantitative PCR was performed using Step One Plus Real-Time PCR
System and Power SYBR Green PCR Mater Mix (Applied Biosystems, Foster
City, CA, USA). The process consisted of an initiation step at 95℃ for 10 min,
and then 40 cycles of amplification at 95℃ (denature) for 15 s, 60℃
(anneal/extend) for 1 min, and melting curve analysis. Data analysis were
performed by using ∆∆Ct method, using Gapdh as control gene for
quantification. Primers were listed in table 3.
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Table 3. Primers used in this study
Gene symbol

Forward

Reverse

Tm Amplicon
(℃)
(bp)
60
123

Gapdh

AGGTCGGTGTGAACGGATTTG

TGTAGACCATGTAGTTGAGGTCA

h-GAPDH

AGGGCTGCTTTTAACTCTGGT

CCCCACTTGATTTTGGAGGGA

60

206

Prokr1

GCTCTGGTTCGCAGGTTGAA

GCAAGGTTGACGACTCCTCT

60

119

h-PROKR1

CAATTCCAGGACGTTCTTTGCT

GCAGTTTCTTGTAGCGGACCA

60

122

GFP

CCGCATCGAGAAGTACGAGG

CTGCGGATGATCTTGTCGGT

60

147

Myh7

ACTGTCAACACTAAGAGGGTCA

TTGGATGATTTGATCTTCCAGGG

60

114

Myoglobin

CTGTTTAAGACTCACCCTGAGAC

GGTGCAACCATGCTTCTTCA

60

108

Myogenin

GAGACATCCCCCTATTTCTACCA

GCTCAGTCCGCTCATAGCC

60

106

Pax3

TTTCACCTCAGGTAATGGGACT

GAACGTCCAAGGCTTACTTTGT

60

275

Pax7

TCTCCAAGATTCTGTGCCGAT

CGGGGTTCTCTCTCTTATACTCC

60

132

MyoD

CTACAGTGGCGACTCAGA

GTAGTAGGCGGTGTCGTA

60

118
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8. Cell uptake analysis of CDVs
Using the Dako pen to write a circle on the glass slide, then coat with poly-LLysine (Sigma, St. Louis, MO, USA) on surface within the circle. Rock glass
slide gently to ensure evenly coating. After 5 min, remove poly-L-Lysine
solution and rinse slide surface with ultrapure distilled water (Life Technology).
After 2 hrs of drying the glass slide on clean bench, seed condensed GFPTg
CDVs in DPBS. Wait for at least 2 hrs until CDVs attach to the slide in 37°C
humidified cell incubator. Adding 10% formalin solution for 10 min, then
replace it with DPBS. Using nail polish solution fix the coverslip border. After
drying 30min, detect Green Florence protein by Cytation 5 (BioTek, Canada).
Fresh PROKR1Tg CDVs were applied to wildtype HEK293T cells for 24 hrs at
100 μg/ml in 96 well plate, real-time uptake process under Bright and GFP
channel were observed under Cytation Cell Imaging Multi-Mode Reader of
Cytation 5. The reader saves one picture every 20 min automatically.

9. Cell viability assay
To detect PROKR1Tg CDVs toxicity dose range to C2C12Prokr1-/- myoblast
cells, cell proliferation MTT assay (Invitrogen, Carlsbad, CA, USA) is
measured. C2C12Prokr1-/- cells (1×104 cells/each well) were seeded in 48 well
plate until cells attach to the bottom of plate. PROKR1Tg CDVs was applied to
C2C12Prokr1-/- myoblast cells for 48 hrs and change growth medium every 24
hrs. As the presence of phenol red in the MTT assay can affect results, no
phenol red DMEM is used. Cells were incubated with 20 μL of 12 mM MTT
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stock solution at 37℃ for 4 hrs, then add 200 μL of SDS-HCl solution to each
well and mix thoroughly. After 4 hrs, read absorbance at 570 nm.

10. Flow cytometry analysis
C2C12Prokr1-/- cells (2×104 cells/each well) were incubated in 6 well plate
until cells attach to the bottom of plate. PROKR1Tg CDVs were treated to
C2C12Prokr1-/- myoblast cells at 25 μg/ml for 3 days with daily change medium,
then change to the differentiation medium without CDV treatment. Cell
apoptosis was evaluated at differentiation day 3 using Alexa Fluor 488 annexin
V cell Apoptosis Kit (Thermo Fisher Scientific, Waltham, MA, USA) with
Alexa Fluor 488 annexin V and PI for Flow Cytometry (Invitrogen, Carlsbad,
CA, USA). Analyze the stained cells by flow cytometry, measuring the
fluorescence emission at 521 nm and 617 nm. Apoptotic cells were counted in
3 dependent samples and calculated early and late apoptotic cells.

11. Actin staining
C2C12 cells were seeded on chamber slide (Thermo Fisher Scientific,
Waltham, MA, USA) at a density of 1×104 cells/slide in growth medium. After
3 days of CDVs treatment and 6 days of differentiation, cells were fixed in 10%
Neutral buffered formalin (Sigma, St. Louis, MO, USA) for 10 min, and then
washed with DPBS 3 times. Fixed cells were permeabilized with 0.1% (v/v)
Triton X-100 for 10 min, and blocked with 2% (v/v) BSA in DPBS for 60 min
at room temperature. Cells were then stained with Alexa Fluor® 488 phalloidin
(Thermo Fisher Scientific, Waltham, MA, USA) for 60 min. Then wash with
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DPBS three times, remove slide upper structure, cells were incubated with
Antifade Mounting Medium with DAPI (Maravai Life Sciences, San Diego,
CA, USA), then overnight in the dark at room temperature. Cells were
observed with a fluorescence microscope and then stored in the dark at -4°C.

12. Glucose uptake assay
Glucose uptake activity was measured using 2-[N-(7-nitrobenzene-2-oxa1,3-diazol-4-yl) amino]-2-deoxy-D glucose (2-NBDG) (Thermo Fisher
Scientific, Waltham, MA, USA), a fluorescent D-glucose analog. Firstly,
differentiated muscle cells on 24-well plates were treated with no glucose
DMEM 2 hr, myotubes were incubated with or without 100 nM insulin (Cell
applications, Inc, San Diego, CA, USA) for 30 min. Next, myotubes were
transferred to fresh no glucose DMEM medium supplemented with 80 μM of
2-NBDG for 30 min. After cold DPBS three times wash, the fluorescence
intensity of cellular 2-NBDG in each well was measured at excitation/emission
wavelength of 485/535 nm using Cytation 5, Multi-Mode Reader (BioTek).

13. Statistical analyses
Statistics analyses were performed using GraphPad Prism 8 software. All
results were expressed in mean ± standard deviation (SD). P-value was
calculated using two-sided Student’s t-test, and p-value < 0.05 was considered
significant.
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Result
1. Generation of genetically engineered cells
PROKR1 overexpressed cells (PROKR1Tg HEK293T) were generated by
using piggyBac vector in HEK293T cells (Figure 7A). PROKR1/Prokr1
knock-out cells were prepared by using CRISPR/Cas9 method. To generated
PROKR1-deficient HEK293T cells (PROKR1-/- HEK293T), a pair of gRNA
was used to target the 2nd exon of PROKR1 genes, and it resulted in 151 bp
deletion (Figure 7B). To produce Prokr1-deficient C2C12 cells (Prokr1-/C2C12), another pair of gRNA was used to target the 2nd exon of Prokr1 genes,
which produced 24 bp- and 128 bp- deleted homozygous cells (Figure 7C). All
of the PROKR1/Prokr1-engineered cells were subjected to FACS based on
GFP signal and clonal proliferation of the sorted single cell. RT-PCR showed
that PROKR1 mRNA was significantly up-regulated in PROKR1Tg HEK293T
cells (p < 0.001). In mock control and PROKR1-/- HEK293T cells, basal levels
of PROKR1 mRNA expression was observed, and it was supposed to be from
truncated mRNA (Figure 7D). Protein levels of PROKR1/Prokr1 were
significantly up-regulated in PROKR1Tg HEK293T cells and wild type (WT)
C2C12 cells, and there was no detectable expression of PROKR1/Prokr1
protein in WT HEK293T cells, PROKR1-/- HEK293T cells, and Prokr1-/C2C12 cells (Figure 7E-F). These results demonstrated that PROKR1/Prokr1
overexpression or knock-out cells were well prepared and they were used as
CDV donor cells as well as CDV subject cells in the subsequent experiments.
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Figure 7. 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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2. Generation and Characterization of CDVs
To exploit the beneficial effect of CDVs, a more efficient CDVs
generating system must be created. The process of the preparation of CDVs
from HEK293T cells is illustrated in Figure 8A. After extruding cells through
serial polycarbonate membranes, CDVs were purified by two-step OptiPrep
density gradient. And to confirm if the OptiPrep density gradient is effective,
CDVs comes from before and after density gradient step was performed to
Size-Exclusion Chromatography (SEC). CDVs of before density gradient step
come out several peaks, while CDVs of after density gradient step only have
one peak, the peak with a retention time of 3.2 min stands for the purified
CDVs while the rest peaks are impurities of small size (Figure 8B). The results
revealed OptiPrep density gradient is a useful way to get purified CDVs.
CDVs isolated from transgenic (Tg) HEK293T cells were characterized
by size, surface markers, particle yield, and protein and RNA amount. The total
CDVs size distribution is compared among four types of CDVs. The GFPTg
CDVs mean diameter is 173.1±12.0 nm, 168.1±10.2 nm in wildtype CDVs
(Figure 9A), 161.7±12.3 nm in PROKR1Tg CDVs, and 152.6±2.9 nm in
PROKR1-/- CDVs (Figure 9B). Four types of CDVs show that the mean
diameter is around 160nm. According to the western blotting result, four types
of CDVs show positive exosome markers expression, including CD9 and
CD81, and PROKR1Tg cells and CDVs have PROKR1 protein expression
(Figure 9C). CDVs generate from 107 cells were indirectly quantified by
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measuring membrane protein using Bradford. Additionally, PROKR1Tg CDVs
and GFPTg CDVs yield significantly increase by 40.8% and 43.7%
respectively (p < 0.01) more than wildtype CDVs, and PROKR1-/- CDVs yield
have no significant differences with wildtype CDVs (Figure 9D), while CDVs
yield is more than natural exosome. GFPTg CDVs and PROKR1Tg CDVs
protein amount significantly increases by 65.8% and 90.5% respectively (p <
0.01) more than wildtype CDVs. RNA amount generated from 107 cells also
be measured. GFPTg CDVs and PROKR1-/- CDVs RNA amount significantly
increase by 138.3% and 98.8% respectively (p < 0.001) more than wildtype
CDVs. The RNA amount of PROKR1Tg CDVs more 149.7% (p < 0.01) than
wildtype CDVs. To identify RNA quality in the CDVs, bioanalyzer was
conducted. Various RNAs contain rRNA, tRNA and microRNA were detected
in GFPTg CDVs (Figure 8C). 18S RNA and 28S RNA height ratio in RNA
profile are around 1:2. Also, the electrophoresis results indicate that high
quality-mRNA was successfully encapsulated into the GFPTg CDVs.
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Figure 8. Production of CDVs generate from genetically engineered
HEK293T cells
A. Schematic diagram of production and purification of CDVs from cells.
OptiPrep: density gradient medium containing iodixanol. The red dots
represent the CDVs.
B. Particle size analysis of CDVs by size-exclusion chromatogram (SEC).
Top panel: chromatogram of GFPTg CDVs before OptiPrep density gradient
purification. Bottom panel: chromatogram of GFPTg CDVs after OptiPrep
density gradient purification. Insert shows magnified chromatogram at 3.2
min. Horizontal axis represents retention time (min), and vertical axis
represents the florescence (FU). Blue arrow: OptiPrep, gray arrow: purified
GFPTg CDVs.
C. RNA profile in GFPTg CDVs. Left panel: chromatogram of different RNA
types of RNAs. Horizontal axis represents retention time (s), and vertical axis
represents the CDVs particle fluorescence unit (FU). Right panel:
electrophoresis of different type of RNAs. Black arrow: 18s rRNA; blue
arrow: 28s rRNA.
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Figure 9. Characterization of CDVs generated from genetically
engineered HEK293T cells
A. Size measurement of GFPTg CDVs by dynamic light scattering analysis.
The line represents the average of the triplicate measurements. Horizontal axis
indicates the diameter of CDV (nm), vertical axis indicates the intensity of
CDVs (%).
B. Size measurement of PROKR1Tg CDVs by dynamic light scattering analysis.
The line represents the average of the triplicate measurements. Horizontal axis
indicates the diameter of CDVs (nm), vertical axis indicates the intensity of
CDVs (%).
C. Western blot analyses of exosomal proteins. Left panel: exosomal protein
expression in GFPTg cells and CDVs, and their wild type counterparts. Right
panel: exosomal protein expression in PROKR1Tg and PROKR1-/- cells and
CDVs. Beta actin (ACTB) is used as a normalizer.
D. Quantification of amount, protein, and total RNA in CDVs generate from
10^7 cells. Bars indicate mean ± SD, N=3. *p < 0.05, **p < 0.01, and ***p <
0.001 vs. CDVs from wildtype HEK293T cells. One-sided Student’s t-test.
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3. Delivery of GFP protein and mRNA through CDVs
For production of HEK293T cells overexpressing PROKR1, a piggyBac
vector expressing GFP simultaneously with PROKR1 was used. Therefore,
tracking of GFP signal was used as a useful method to observe the target
protein inside the CDVs and their migration to target cells. To this end, we
produced mock control HEK293T cells only expressing GFP, and observed
GFP signal in CDVs. The over-crowded mock CDVs (GFPTg CDVs) expressed
a strong GFP signal, they were generated from GFP HEK293T cells of which
the cytosol was in charge with green fluorescent protein. GFPTg CDVs can be
detected from condensed CDVs under Cytation Cell Imaging Reader (Figure
10A). To verify CDVs can be internalized into target cells, 100 μg/ml GFPTg
CDVs were treated to wildtype HEK293T cells for 24 hrs, and observe realtime uptake process. As the white arrowhead in the pictures shows that GFPTg
CDVs penetrate the plasma membrane of target wildtype HEK293T cells at
18th hr after treatment. (Figure 10B). Other condensed GFPTg CDVs where
close to cells uptake happen within 1 hr after treatment, and the fluorescence
intensity of GFPTg CDVs in the wildtype HEK293T cells increase within early
treatment duration. These observations demonstrate that GFPTg CDVs contain
GFP proteins, and these proteins can enter into wildtype HEK293T cells
through plasma membranes.
According to the PCR result, GFP mRNA exist in GFP HEK293T cells
and GFPTg CDVs (Figure 10C). Additionally, the uptake of CDVs was
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confirmed by the existence of mRNA from inside of CDVs. For this purpose,
RNAs in GFPTg CDVs-treated wildtype HEK293T cells and non-treated
wildtype HEK293T cells were isolated at different time points using trypsinEDTA. Trypsin-EDTA ruled out the possibility of GFPTg CDVs adsorbing on
the wildtype HEK293T cell surface. According to a result, GFP mRNA in
GFPTg CDVs-treated wildtype HEK293T cells was found, while the nontreated wildtype HEK293T cells have no GFP band (Figure 10D). These
results imply that GFP mRNA in CDVs can be delivered to wildtype 293T
cells, and it can be maintained up to 48 hrs in wildtype 293T cells. These results
confirmed that CDVs derived from genetically engineered cells successfully
delivered proteins and mRNAs to target cells, and that they were maintained
for a certain period of time in the cells.
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Figure 10. Delivery of GFP protein and mRNA through CDVs
A. Fluorescence image analysis of GFP protein inside the GFPTg CDVs. Left
panel: CDVs under green fluorescence field. Middle panel: bright field. Right
panel: merged image. Scale bar = 100 μm.
B. Real-time analysis of GFP protein delivery through GFPTg CDVs to
wildtype HEK293T cells. Green fluorescence: GFPTg CDVs, t: time after
CDVs treatment (hr), white arrowhead: representative GFPTg CDVs
delivered to wildtype cell. Scale bar = 200 μm.
C. RT-PCR analysis of GFP mRNA in cells and CDVs. Gel image depicts
the GFP mRNA expression in GFPTg and wildtype cells, CDVs from GFPTg
and wildtype cells.
D. RT-PCR analysis of GFP mRNA in cells after GFPTg CDVs treatment.
NC: wildtype HEK293T cells without GFP transgene. GAPDH is used as
an internal control.
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4. PROKR1 delivery to C2C12Prokr1-/- myoblasts
To investigate if the human PROKR1 protein can be delivered to mouse
cells, western blotting was used. Wildtype C2C12 cells have PROKR1 protein
expression. Prokr1 successfully knockout in C2C12 myoblast cells were
confirmed again. And only PROKR1Tg CDVs-treated Prokr1 knock-out C2C12
myoblasts (C2C12Prokr1-/-) myoblast cells have PROKR1 protein expression
(Figure 11A). Which reveals that human gene PROKR1 in PROKR1Tg CDVs
can be delivered to mouse C2C12Prokr1-/- myoblast cells successfully.
To find optimal PROKR1Tg CDVs dose for treatment, different doses of
PROKR1Tg CDVs were tried, ranging from 10 to 200 μg/ml (Figure 11B). Cell
proliferation reveals PROKR1Tg CDVs toxicity to C2C12Prokr1-/- myoblast cells.
PROKR1Tg CDVs concentration at 100 μg/ml and 200 μg/ml treatment group
decrease cell number by 69.29 % and 77.64 % respectively (p < 0.001) than
non-treated of C2C12Prokr1-/- myoblast cells, and 200 μg/ml PROKR1Tg CDVs
had even severe toxicity to C2C12Prokr1-/- myoblast cells. Several smaller than
50 μg/ml PROKR1Tg CDVs treatment groups showed increase C2C12Prokr1-/myoblast cells proliferation capacity significantly, especially 25 μg/ml
treatment group increase cell number by 25.2 % (p < 0.001) than the nontreated group of C2C12Prokr1-/- myoblast cells. Based on these results, the higher
dose of PROKR1Tg CDVs hinder cell proliferation, and the optimal
concentration of PROKR1Tg CDVs for treatment is 25 μg/ml.

50

Figure 11. PROKR1 delivery by PROKR1Tg CDVs and dose range finding
in C2C12Prokr1-/- myoblasts
A. Western blot analysis of PROKR1 in C2C12 myoblasts with or without
CDVs treatment. Beta actin (ACTB) is used as an internal control.
B. Dose range finding of PROKR1Tg CDVs MTT assay. Bars indicate mean ±
SD, N=3. *p < 0.05; **p < 0.01; ***p < 0.001 vs. 0 μg/mL (vehicle control).
One-sided Student’s t-test.
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5. Anti-apoptotic effect of PROKR1Tg CDVs on C2C12Prokr1-/myocytes
Wildtype C2C12 myoblast cells can differentiate into myocyte cells, but
C2C12Prokr1-/- myoblast have severe apoptosis phenomenon at day 3. (Figure
12A). Compare non-treated C2C12Prokr1-/- myoblast cells, PROKR1Tg CDVs
treated C2C12Prokr1-/- myoblast cells show similar cell morphology with
wildtype C2C12 myoblast cells, while PROKR1-/- CDVs treated C2C12Prokr1-/myoblast cells still show severe apoptosis cell condition. Which reveals that
can PROKR1Tg CDVs alleviate C2C12Prokr1-/- apoptosis condition, but
PROKR1-/- CDVs cannot achieve it.
To quantify C2C12Prokr1-/- apoptotic cells number, Flow cytometry
analysis is used. PROKR1Tg CDVs treated C2C12Prokr1-/- myocyte cells include
47.4±4.3% early apoptotic cells and 4.1±0.9% late apoptotic cells. PROKR1-/CDVs treated C2C12Prokr1-/- myocyte cells have 36.8±1.9% early apoptotic
cells and 6.3±0.2% late apoptotic cells (Figure 12B). Apoptotic cells were
calculated by early and late apoptotic cells. Consistent early with the upper
result (Figure 12A), after PROKR1Tg CDVs treatment, C2C12Prokr1-/- myocyte
apoptotic cells number decrease by 8.4% (p < 0.05) compare to the non-treated
group.
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Figure 12. Anti-apoptotic effect of PROKR1Tg CDVs on C2C12Prokr1-/myocytes
A. Microscopic examination of C2C12Prokr1-/- myocytes after PROKR1Tg
CDVs treatment during differentiation. Diff: myogenic differentiation. White
Arrows indicate floating cells. Scale bar = 100 μm.
B. Flow cytometry analysis of apoptotic C2C12Prokr1-/- myoblasts. Left panel:
P5 fraction (orange) represents live cells, P6 (blue) represents annexin V-FITC
(+)/PI (-) early apoptotic cells, P7 (purple) represents annexin V-FITC (+)/PI
(-) late apoptotic cells. Right panel: gray bar indicates DPBS-treated
C2C12Prokr1-/- myoblasts, red bars indicate PROKR1Tg CDVs-treated
C2C12Prokr1-/- myoblasts. Bars indicate mean ± SD, N = 3. *p < 0.05 vs. DPBS.
One-sided Student’s t-test.
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6. Myogenic effect of PROKR1Tg CDVs on C2C12Prokr1-/myotubes
To investigate the differentiation effect of PROKR1Tg CDVs on
C2C12Prokr1-/-, C2C12Prokr1-/- cells were incubated in the differentiation medium
and CDVs medium for 6 days and then stained for Phalloidin and DAPI.
Wildtype C2C12 myoblast cells can differentiate into myotube cells after
differentiation 6 days. For C2C12Prokr1-/- cells, it has severe apoptotic condition
and it cannot form myotube. But C2C12Prokr1-/- cells can form myotube in
PROKR1Tg CDVs treated medium after differentiation 6 days, while PROKR1/-

CDVs treatment group cannot recover the differentiation function of

C2C12Prokr1-/- cells (Figure 13A). Which reveals that the PROKR1 gene plays
an important part role in C2C12 myoblast myogenesis process and PROKR1Tg
CDVs can recover C2C12Prokr1-/- cells differentiation function.
The expression of 6 genes associated with skeletal myogenesis of C2C12
cells treated PROKR1Tg CDVs were analyzed using RT-PCR arrays. The fold
change of up- and down-regulated genes in C2C12 cells and C2C12Prokr1-/- cells
differentiated for 6 days was shown (Figure 13B), compared to
undifferentiated group (p-value < 0.05). Wildtype C2C12 cells myotube
marker (Myh7, Myoglobin, Myog) genes expression up-regulate at
differentiation day 6. After PROKR1Tg CDVs treatment, C2C12Prokr1-/- cells
myotube marker genes up-regulate significantly. Especially Myog genes
expression level in C2C12Prokr1-/- cells exceed over wildtype C2C12 cells.
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Although Myh7, Myoglobin genes expression level in C2C12Prokr1-/- cells were
lower than wildtype C2C12 cells. Wildtype C2C12 cells myoblast markers
(Pax3, Pax7, MyoD) gene expression were down-regulated at differentiation
day 6. After PROKR1Tg CDVs treatment, C2C12Prokr1-/- cells Pax3, Pax7,
MyoD gene expression up-regulate, which means C2C12Prokr1-/- cells can go to
the reverse direction to reach the level of wildtype C2C12 cells gene
expression. Based on these results it appears that the PROKR1Tg CDVs can
deliver Prokr1 that regulates the skeletal myogenic fate of C2C12Prokr1-/- cells,
resulting in the recovery of myogenic differentiation of C2C12Prokr1-/- cells.
To identify if C2C12Prokr1-/- cells-recovered myotubes have effect on
insulin-stimulated glucose uptake, 2-NBDG as a substitute to measure glucose
uptake level. Insulin activates 1.5 folds of glucose uptake compare to no
insulin-treated wildtype C2C12 cells, and PROKR1Tg CDVs and PROKR1-/CDVs have no significant effect of glucose uptake in wildtype C2C12 cells
(Figure 13C). C2C12Prokr1-/- cells have no insulin-accumulated glucose uptake
effect. After PROKR1Tg CDVs treatment, C2C12Prokr1-/- cells increase glucose
uptake to 1.6 folds compare non-CDVs treated C2C12Prokr1-/- cells, and the
glucose uptake level comparable with wildtype C2C12 cells. While PROKR1/-

CDVs treatment has no effect on C2C12Prokr1-/- cells glucose uptake level.

These results indicate that PROKR1Tg CDVs can recover myogenesis of
C2C12Prokr1-/- cells and myotubes have glucose uptake function.
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Figure 13. Myogenic effect of PROKR1Tg CDVs on C2C12Prokr1-/- myotubes
A. Microscopic examination of C2C12Prokr1-/- myotubes at differentiation day
6. Green: Phalloidin staining on actin filaments, blue: DAPI staining on nuclei.
Scale bar = 200 μm.
B. RT-PCR analysis of early and late myogenic markers. Black bars indicate
DPBS-treated wildtype C2C12 myoblasts before differentiation. Bars indicate
mean ± SD, N = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant.
One-sided Student’s t-test.
C. Insulin-stimulated glucose uptake in wildtype C2C12 myotubes. Black bars
indicate non-treated wildtype C2C12 myotubes. Bars indicate mean ± SD. N
= 3. *p < 0.05, ns: not significant. One-sided Student’s t-test. INS: insulin.
D. Insulin-stimulated glucose uptake in C2C12Prokr1-/--derived myotubes. Gray
bars indicate C2C12Prokr1-/- cells. Bars indicate mean ± SD. N = 3. *p < 0.05,
ns: not significant. One-sided Student’s t-test. INS: insulin.

58

Discussion
CDVs, an artificial type of exosomes strategies which are generated by
passing cells through micro-sized pores have been established in recent years,
could efficiently deliver siRNA and mRNA to recipient cells and have some
characteristics similar to exosomes [64, 99]. In this study, CDVs showed to
have similar size distribution and marker expression as exosomes such as CD9
and CD81, and a higher yield of preparation than exosomes (Figure 9). In
addition, RNA profile of CDVs were similar to typical RNA profiles of cells
and tissues having 2:1 ratio of 18S rRNA:28S rRNA (Figure 8C). Since the
loading process of the proteins and RNAs into CDVs was a mechanical burst
and enclosure of cells without any chemical or enzymatic treatment, the overall
quality of the proteins and RNAs in the CDVs was well preserved [72]. The
unique protein on the exosome surface is regarded responsible to tumorspecific binding. Recently, doxorubicin-loaded CDVs also have been proved
to bind tumor cells specifically in animals [65].
Prokr1 has been known to play a vital part in various tissues by
suppressing of preadipocyte differentiation and proliferation [79], improving
insulin sensitivity and cardiac protection [93], and kidney development and
function [92]. Although many studies reveal the metabolic functions of Prokr1,
the function of Prokr1 in skeletal muscle is still unknown. Here, the therapeutic
effect of Prokr1 was evaluated by delivery of PROKR1 protein through CDVs
to rescue the myogenic potential of Prokr1 deleted C2C12 cells. To be sure of
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successful delivery of Prokr1, GFP delivery as an alternative method was
visually confirmed (Figure 10B). Many groups use fluorescence dye to confirm
CDV uptake. For example, CDVs labeled with PKH67 [100], and exosome
labeled with DIC [101] have been observed taken up into recipient cells. But
this conclusion does not hold if fluorescence is not tightly coupled with CDVs,
then only fluorescence without CDVs could be observed. Green fluorescence
from GFP inside the GFPTg CDVs ruled out this possibility, and verified that
the fluorescence came out from CDVs, and they were successfully internalized
in the recipient cells.
PROKR1Tg CDVs dose for C2C12Prokr1-/- myoblast cells were confirmed
(Figure 11B). As the nanovesicles are enclosed by a lipid layer, the generated
CDVs would have lipid-induced toxicity [72, 102]. The cell viability of CDVs
treated samples was high when the CDVs concentration were 10-25 μg/ml, but
low when it is 100-200 μg/ml. We hypothesize that a certain amount of CDVs
could precede cell proliferation [72] and migration [103, 104], while the
excessive amount of CDVs might impede cell proliferation. The reduced cell
proliferation may be related to lipid-induced toxicity, which hindered material
transportation in the recipient cell membranes [105]. Moreover, excessive
CDVs limits uptake by recipient cells because the uptake needs ATP [106].
Apply PROKR1Tg and PROKR1-/- CDVs to C2C12Prokr1-/- myocyte cells,
only PROKR1Tg CDVs anti-apoptosis effect has appeared (Figure 12A, B). We
hypothesize that PROKR1 is an indispensable part in the process of wildtype
C2C12 cell differentiation, and PROKR1Tg CDVs can make up for the
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molecular mechanism of the C2C12Prokr1-/- cell, thereby improving the
apoptosis state of the cell. CDVs were found to contain abundant amount of
Bcl-2 [107], and C2C12 differentiating cells have Bcl-2-dependent mechanism,
accompanied by enhanced apoptosis in Bcl-2 deficient myotubes [108]. In
addition, it has been shown that the overexpression of Bcl2 protects
immortalized cells against chemical-induced cell death [109]. Overall, CDVs
could be helpful as a potential anti-apoptosis agent.
We hypothesized that PROKR1Tg CDVs loaded with overexpressed
PROKR1 and it can regulate myogenesis of C2C12Prokr1-/- cell. Several groups
have addressed that exosomal factors derived from various cell contribute
differentiation of cells. For example, exosomes of cancer cells contain TGFβ1 induce the differentiation of Adipose-Derived Stem Cells (ASCs) and
Mesenchymal Stem Cells (MSCs) into fibroblast cells [110, 111]. And
exosomes from differentiating human skeletal muscle cells trigger myogenesis
of stem cells and provide myogenic growth factors related to muscle
regeneration [101]. We found that PROKR1Tg CDVs contribute to myogenic
differentiation of C2C12Prokr1-/- cells (Figure 13A, B). Stimulation by
PROKR1Tg CDVs significantly altered the morphological phenotype of
C2C12Prokr1-/- cells, while PROKR1-/- CDVs cannot achieve it (Figure 13A).
Moreover, mRNA expression of myogenic gene such as Myh7, Myoglobin,
Myogenin, Pax3, Pax7 and MyoD are related to myogenic differentiation, was
increased in C2C12Prokr1-/- cells by CDVs over 6 days, which regulate
myogenic marker level of C2C12Prokr1-/- cells similar with wildtype C2C12
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cells (Figure 13B). Imperfectly, most of C2C12Prokr1-/- cells were in apoptotic
and dead state at differentiation day 6, so it is hard to harvest C2C12Prokr1-/cells and get the high amount and quality RNA of non-treated C2C12Prokr1-/cells (Figure 13B). Other groups demonstrate that PROKR1 act as paracrine
factor to trigger the differentiation of epicardial-derived progenitor cells
(EPDC) [91]. PROKR1 has been shown to induce the differentiation of
monocytes into macrophage‐like cells with morphological changes [112]. It is
revealed that PROKR1 plays an important part role in various cell types.
Therefore, these results support our hypothesis that PROKR1 can be efficiently
delivered into C2C12Prokr1-/- cells and may trigger myogenic signaling
pathways, resulting in skeletal myogenic differentiation.
We also investigate the insulin-stimulated glucose uptake effect of
differentiating myotube of wildtype C2C12 and C2C12Prokr1-/- cells. Skeletal
muscle is a major organ responsible for maintaining whole body glucose
homeostasis and insulin-stimulated glucose uptake [113]. Glucose uptake in
skeletal muscle is mediated by insulin. The insulin can activate
phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway
through phosphorylates Insulin-Receptor Substrate (IRS) [95]. AKT is
responsible for activating translocate Glucose transporter type 4 (Glut4) to
induce the traffic of Glut4-containing vesicles to the plasma membrane [114,
115]. As result shows that insulin promotes glucose uptake in wildtype C2C12
cells, but in C2C12Prokr1-/- cells, insulin signaling were impaired (Figure 13C).
Insulin impairment of C2C12Prokr1-/- cells seems to be caused by defects in the
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PI3K/Akt signaling pathway, resulting in reduction of Glut4 translocation.
After PROKR1Tg CDVs treatment, the glucose uptake level of C2C12Prokr1-/cells is recovered, comparable with wildtype C2C12 cells (Figure 13C). Prokr1
activation increase Glut4 translocation, glucose uptake and insulin sensitivity
through activation of the PI3K/Akt pathway in skeletal muscle [98]. Thus, we
can consider that due to the PROKR1Tg CDVs, C2C12Prokr1-/- myoblast cells
can differentiate to myotubes, and these myotubes have insulin-stimulated
glucose uptake effect by activation of the PI3K/Akt pathway.
However, more studies should be performed in vivo to further investigate
the potential of Prokr1 to be used to regulate insulin resistance and myogenesis.
In the next step, the effect of PROKR1Tg CDVs on fast twitch muscle fiber is
remained to be clarified. The therapeutic potential of PROKR1Tg CDVs on agerelated sarcopenia and/or muscle-related metabolic disorders is worthy to be
addressed. It reveals that myotube of PROKR1Tg CDVs-treated C2C12Prokr1-/cells have a normal physiological function.
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Conclusion
These results demonstrated that PROKR1Tg CDVs would deliver
PROKR1 protein to C2C12Prokr1-/- myoblasts, reduce apoptosis of C2C12Prokr1/-

-derived myocytes, and eventually rescue the morphological and functional

development of C2C12Prokr1-/--derived myotubes. Although the exact
mechanism for the myogenic effect of PROKR1 remain unknown, PROKR1Tg
CDVs appear to recover C2C12Prokr1-/- cells for differentiation by transfer
PROKR1 membrane protein, thereby regulate C2C12Prokr1-/- cells fate towards
myotubes accompanied with the capacity of insulin-stimulated glucose uptake.
Therefore, PROKR1Tg CDVs would provide a new approach for skeletal
muscle differentiation.
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Abstract in Korean
엑소좀은 세포로부터 분비된 나노 소포체이며, 이는 세포 간
신호전달에서 중요한 역할을 담당하고 있다. 엑소좀은 서로 다른
세포 사이에 단백질, 지질, mRNA, miRNA 및 DNA 를 포함한 생체
분자를 전달하는 역할을 한다. 엑소좀은 생체 적합성, 안정성 및
낮은 면역원성을 통해 임상적 활용 가능성이 활발히 연구되고 있다.
그러나, 낮은 제작 수율, 이종성, 노동 집약적 제조 절차 및 치료
적 로딩은 엑소좀의 임상 적용에 제약 요소로 제기되고 있다. 세포
유래

소포체는

천연

엑소좀에

비해

높은

생산성을

나타내며

생화학적 호환성으로 인해 엑소좀의 대안으로 간주되고 있으며,
이는 세포 유래 소포체의 임상 적용 가능성을 높여준다.
본 연구에서는 세포 유래 소포체를 통한 표적 막단백질 전달을
통해

근육

분화능이

상실된

세포의

근분화능

회복과

포도당

대사능의 회복 여부를 평가하였다. 이를 위한 개념 증명 연구로,
세포 유래 소포체를 이용하여 표적 세포로의 녹색 형광 단백질
(GFP)의 전달을 평가하였다. GFP 를 도입한 인간 배야 신장
세포(GFPTg

HEK293T)를

미세

압출하고,

회수된

세포

유래

소포체를 OptiPrep 밀도구배 초고속 원심분리를 통해 정제하여
GFP 가 함유된 고순도의 세포 유래 소포체(GFPTg CDVs)를
제작하였다. 107 개의 세포로부터 약 100 μg 의 GFPTg CDVs 가
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제작되었으며, 세포 유래 소포체의 평균 직경은 약 173.1 nm 로
기존에 보고된 천연 엑소좀의 크기와 유사 하였다. 단백질 분석을
통해 GFPTg CDVs 는 CD9 및 CD81 과 같은 엑소좀 마커 단백질을
발현하고 있음을 관찰하였다. 또한, GFP 가 없는 일반 HEK293T
세포에 GFPTg CDVs 처리 후 30 분부터 세포에서 GFP 단백질 및
mRNA 가 성공적으로 검출되었고, GFP 의 발현은 해당 세포에서
최대 48 시간 동안 유지되었다.
이러한

결과에

기초하여,

세포

유래

소포체를

이용한

PROKR1 의 전달이 근분화능을 상실한 C2C12Prokr1-/-세포의 분화
능력을

회복시킬

수

있는지를

확인하기

위해

약리

연구를

수행하였다. Prokr1 은 골격근의 대사 항상성에 중요한 유전자로,
C2C12Prokr1-/- 근모세포는 근관으로 분화 될 수 없었다. PROKR1 을
과발현시킨 HEK293T 세포로부터 상술한 과정과 동일하게 제작된

PROKR1Tg CDVs 는 평균 직경 161.7 nm 로 관찰되었고, CD9 및
CD81 을 포함한 표준 엑소좀 마커 단백질을 발현하였다. 또한,

PROKR1Tg CDVs 는 PROKR1 단백질을 함유하는 것을 확인하였고,
PROKR1 단백질은 Prokr1 이 결손된 C2C12Prokr1-/- 근모세포에
성공적으로

전달되는

것을

관찰하였다.

세포

처리를

위한

PROKR1Tg CDVs 의 농도는 MTT 분석을 통해 확인하였고, 세포
독성이 없는 PROKR1Tg CDVs 의 최적 농도는 25 μg/mL 이하로
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결정되었다. 근모세포 분화 후 출현하는 근아세포에서 PROKR1Tg
CDVs

에

의한

세포사멸

저해

효과는

유세포

분석을

통해

확인하였고, PROKR1Tg CDVs 는 C2C12Prokr1-/- 유래 근아세포의
사멸을 8.4 % 수준에서 유의적으로 감소시키는 것을 밝혀냈다.

PROKR1Tg CDVs 는 C2C12Prokr1-/- 근아세포로부터 정상적인
C2C12 세포와 유사한 근관세포를 형성하였고, 해당 근관세포는

Myh7, Mb 및 Myod 등 근관세포 마커 유전자의 발현 향상 및
Pax3, Pax7 및 Myod 등 근모 및 근아세포 마커 유전자의 발현
감소를 나타내었다. 또한, PROKR1Tg CDVs 로 유도된 C2C12Prokr1/-

유래 근관세포는 정상적인 C2C12 세포 유래 근관세포와 유사한

수준의 인슐린 자극에 의한 포도당 흡수 반응을 나타내었다.
이러한 결과는 PROKR1Tg CDVs 가 PROKR1 단백질을 C2C12Prokr1/-

근모세포로 효율적으로 전달하고 결손된 근분화능을 회복시킬 수

있음을 의미한다.
결론적으로, 이러한 결과는 PROKR1Tg CDVs 를 이용한 근육
질환의 치료 가능성 제시하고 있다. 또한, 형질전환 세포 유래
소포체는 활성 약리 성분을 전달하는 효과적인 수단으로 판단되며,
종래의 약제와는 차별화된 대체 치료제에 사용될 수 있다.
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