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Abstract

AIM: To develop a novel method for the rapid and ef-
ficient extraction of exosomes secreted by tumor cells.

METHODS: Unlike the traditional extraction method,
the supernatants of cell cultures were concentrated,
and the exosomes were isolated promptly and ef-
fectively using a novel nanomaterial called ExoQuick.
Coomassie brilliant blue staining was used for protein
quantification, and the morphology of the exosomes
extracted by both methods was visualized by transmis-
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sion electron microscopy. Exosome marker proteins
were detected by Western blot analysis. Two potential
hepatoma-associated proteins, tissue transglutaminase
2 (TGM2) and annexin A2, were analyzed.

RESULTS: The exosomes separated by the new ex-
traction assay based on the nanomaterial were disc-
shaped, intact vesicles with lipid bilayer membranes.
They were approximately 30-100 nm in diameter, which
is similar to the diameter of exosomes isolated by the
traditional method. The protein concentration of exo-
somes extracted by the new method was approximately
780 ng/10° cells, and therefore, it was 19 times higher
than that of exosomes extracted in the traditional man-
ner. There were differences between the total proteins
of Huh-7 cells and the exosomal proteins. Typical exo-
some proteins, such as the transmembrane protein
CD63 and heat shock protein 70, were confirmed. Two
potential hepatoma-associated proteins were also iden-
tified. TGM2 was first found to exist in the exosomes
of human liver cancer cells, but annexin A2 was not
secreted into exosomes.

CONCLUSION: The new extraction method based on
the nanomaterial is quick and efficient. The cancer-
associated protein TGM2 can be secreted through an
exosome-mediated non-classical secretion pathway,
and it may be a valuable tumor marker.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: The traditional extraction assay of exosomes
is usually complicated and time consuming. In this
manuscript, we investigate a novel assay based on a
nanomaterial to extract exosomes more quickly and
efficiently compared with the traditional method. A
hepatoma-associated protein, tissue transglutaminase
2, was first found to exist in the exosome of the human
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liver cancer cell line Huh-7. This protein can be secreted
through an exosome-mediated non-classical secretion
pathway and is a potential tumor marker.

Zhu L, Qu XH, Sun YL, Qian YM, Zhao XH. Novel method for
extracting exosomes of hepatocellular carcinoma cells. World J
Gastroenterol 2014; 20(21): 6651-6657 Available from: URL:
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INTRODUCTION

The term “exosome” was first used by Pan and John-
stone to describe the small vesicles secreted by reticulo-
cytes during their differentiation into mature red blood
cells; in this context, exosomes could carry away plasma

membrane proteins that were not required by mature red
blood cells, such as transferrin receptor and acetylcholin-
esterase’. In recent years, it has been demonstrated that
exosomes can induce anti-tumor immune responses, and
researchers have therefore devoted increasing attention
to both basic research on exosomes and applied research
regarding the use of exosomes for the development of
anti-tumor vaccines. Recent studies have reported that
many types of cultured cells can secrete exosomes, and
exosomes can also be isolated from many types of body
fluids, such as plasmam, bile"” urine™ breast milk",

Bl and bronchoalveolar

saliva'® pleural fluid"™, ascites
lavage fluid”"". Traditional exosome extraction methods
involve ultracentrifugation or density gradient centrifu-
gation; however, in this study, a new nanomaterial was
utilized to isolate and purify exosomes secreted by hepa-
toma cells. This novel procedure was convenient and
saved time and effort relative to traditional procedures.
To determine whether this nanomaterial-based approach
could quickly and efficiently purify exosomes, exosome
morphology was observed by transmission electron mi-
croscopy, and biological marker proteins of the isolated
exosomes were identified by Western blotting. These
validation steps confirmed that the new isolation and
purification method served as an efficacious approach
for use in subsequent exosome research. Furthermore,
in this study, exosomes were isolated and purified from
the supernatant of cultured hepatoma cells, and Western
blot analysis revealed the presence of tissue transgluta-
minase 2 (TGM2) in these exosomes. Therefore, these
findings provide a theoretical foundation for the secre-
tion of proteins through non-classical exosome-mediat-
ed pathways.

MATERIALS AND METHODS

Cell line, antibodies, and reagents
The human liver cancer cell line Huh-7 was obtained

from the Human Science Research Resources Bank
(Osaka, Japan). Amicon Ultra-15 centrifugal ultrafiltra-
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tion units (3 kDa) and polyvinylidene difluoride (PVDF)
membranes were purchased from Millipore (Bedford,
MA, United States); ExoQuick Exosome precipitation
solution was purchased from SBI (San Francisco, CA,
United States). Rabbit anti-human CD63 and heat shock
protein 70 (HSP70) polyclonal antibodies, rabbit anti-
human annexin A2 monoclonal antibody, and mouse
anti-human TGM2 monoclonal antibody wete purchased
from Santa Cruz (Santa Cruz Biotech., CA, United
States). Mouse anti-human [-actin monoclonal antibody
was purchased from Sigma-Aldrich (St. Louis, MO, Unit-
ed States). Horseradish peroxidase (HRP)-labeled goat
anti-rabbit IgG and goat anti-mouse IgG were obtained
from ZSGB-BIO (Beijing, China). An ultrasensitive
enhanced chemiluminescence solution kit was obtained

from Thermo (Waltham, MA, United States).

Cell culture and preparation of concentrated culture
medium

Human hepatocellular carcinoma Huh-7 cells were cul-
tured in DMEM medium containing 10% fetal bovine
serum, 100 U/mL penicillin, and 100 g/mL streptomycin
at 37 C with 5% COa. When the cells reached approxi-
mately 90% confluence (in total, approximately 1.8 X 10°
cells), they were washed three times with 20 mL of phos-
phate-buffered saline (1 X PBS) and were cultured for 24
h in serum-free DMEM medium. Approximately 100 mL
of culture supernatant was collected and centrifuged at
3000 % g for 15 min at 4 C (480 g for 5 min followed by
2000 g for 10 min) to remove intact cells and cell debris,
and then, the remaining supernatant was concentrated
to 1 mL using an Amicon Ultra-15 »ia centrifugation in
a swing-out rotor at 4 ‘C and 4000 X g. An ultracel cen-
trifugal filter device with a 3 kDa molecular weight cutoff
MWCO) was used.

Ultracentrifugation exosome isolation

The concentrated culture medium (CCM) was then sub-
jected to high-speed centrifugation at 100000 X g (TLA-45
fixed angle, Beckman Coulter) at 4 C for 2 h. The pellet
was resuspended in 1 mL of PBS and washed by recen-
trifugation at 100000 X g for 3 h. The resulting exosome-
enriched pellet was resuspended in 50 pl. 1 X PBS and
either used immediately or stored at -80 C.

Nanomaterial exosome isolation

The CCM was added to an equal volume of ExoQuick
exosome precipitation solution, and the resulting solu-
tion was mixed by inverting the tube and allowing it to
stand overnight in a refrigerator. This mixture was then
centrifuged at 1500 X g for 30 min. The supernatant was
discarded, and the precipitate consisted of exosomes.
A portion of the precipitate was then re-suspended in
1 X PBS for morphological observations viz electron
microscopy. Proteins were extracted from the remaining
precipitate through resuspension in protein lysis buffer
containing protease inhibitors, and the resulting solution
was stored at -80 ‘C for future analysis.
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Morphology analysis by transmission electron
microscopy

One drop of the solution of exosomes resuspended in
1 X PBS was placed on a copper mesh with a diameter
of 2 mm. Fluid was gently absorbed from the edges of
the copper mesh with filter paper. A drop of 2% phos-
photungstic acid solution was added to the sample, and
negative staining was performed for 10 min at room
temperature. After the negative staining solution was ab-
sorbed by the filter paper, the sample was dried for 2 min
under incandescent light. The copper mesh was placed
under a transmission electron microscope, and exosome

morphology was observed and photographed at 80 kV.

Western blot analysis

Western blotting was used to analyze annexin A2 and
TGM2 in the exosomes secreted by Huh-7 hepatoma
cells as previously described, with slight modifications™'?,
Briefly, approximately 30 pug of Huh-7 whole cell lysates
and exosomal protein were separated, added to loading
buffer, and heated at 95 C for 10 min. The samples wete
subjected to electrophoresis using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in run-
ning buffer at constant 80 V at 4 ‘C for 3 h, and then, they
were transferred to PVDF membranes. After blocking, the
membranes wete incubated with primary rabbit anti-CD063
(1:200), rabbit anti-HSP70 (1:200), rabbit anti-annexin
A2 (1:500), or mouse anti-TGM2 (1:1000) at 4 'C ovet-
night followed by incubation with the secondary antibody,
HRP-labeled goat anti-rabbit IgG or goat anti-mouse IgG
(1:3000), at room temperature for 1 h. The membranes
were washed three times after each incubation for 5 min

and visualized using the LAS4000 imaging system (Fujifilm).

RESULTS

Exosome morphology

The identity of the Huh-7 hepatocellular carcinoma cells
was confirmed by short tandem repeats. Obsetrvations of
the growth of the cells under an inverted phase contrast
microscope revealed good adherence. Exosomes isolated
from Huh-7 cells by the nanomaterial-based method and
ultracentrifugation were viewed with a transmission elec-

tron microscope, which indicated the presence of many
disc-shaped small vesicles of different sizes with lipid
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Figure 1 Characterization of the exosomes of Huh-7 cells
extracted by two methods. Electron micrographs of exo-
somes isolated from Huh-7 cells in serum-free concentrated
culture medium by the traditional method (A) and the new
extraction method based on a nanomaterial (B). Negative-
stained images show exosomes with a smooth, saucer-like
morphology. The sizes are between 30-100 nm. The scale bar
is 50 nm. Direct Mag: 100000 x, HV = 80.0 kV.

bilayer membranes. In particular, the diameters of these
vesicles were between 30 and 100 nm (Figure 1). There-
fore, the exosome morphology resulting from the new
extraction assay based on the nanomaterial is similar to
that of exosomes isolated by the traditional method.

Comparison of protein concentrations of exosomes
isolated by two methods

Exosomal proteins from the supernatants of Huh-7 cells
were quantified using the Bradford method. In particular,
the actual protein concentrations were calculated using
the standard curve equation and the appropriate dilutions.
The concentration of exosomal proteins extracted by
the new method based on the nanomaterial was approxi-
mately 780 pg/10° cells, which was more than 19 times
higher than that of exosomes extracted in the traditional
manner, which typically yields less than 40 pg/10° cells.

Exosomal protein identification and secretion
mechanisms of human liver cancer-associated proteins
Approximately 30 pug of Huh-7 whole cell lysates and
exosomal proteins were separated by SDS-PAGE. A
Coomassie brilliant blue-stained gel obtained after SDS-
PAGE demonstrated differences between the total pro-
teins of Huh-7 cells and exosomal proteins secreted by
Huh-7 cells (Figure 2). Exosomal proteins were separated
by SDS-PAGE, electrotransferred, and probed with exo-
some markers (HSP70 and CD63). The membrane con-
tained two bands of intense signal at 70 kDa and 53 kDa,
which corresponded to the exosomal molecular biomark-
ers HSP70 and CDG03, respectively (Figure 3). It is known
that the hepatoma-associated proteins annexin A2 and
TGM2 can be extracellularly secreted through non-classi-
cal secretory pathways, and the transport of proteins out
of cells by exosomes is one of these non-classical secre-
tory pathways. Therefore, we determined whether these
proteins were localized to exosomes by Western blot
analysis. The results indicated that exosomes secreted by
Huh-7 cells contained TGM2 but not annexin A2 (Fig-
ure 3), confirming that TGM2 is extracellularly secreted
through a non-classical exosome-mediated pathway.

DISCUSSION

Exosomes are small, membranous vesicles with diam-
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Figure 2 Detection of differences in Huh7 whole cell lysates and exo-
somal proteins. Approximately 30 pg of Huh-7 whole cell lysates and exo-
somal proteins isolated by the nanomaterial procedure were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were
visualized by Coomassie brilliant blue staining. The marker is a prestained pro-
tein marker; Huh7-exo indicates exosomal proteins isolated from the superna-
tants of human hepatocellular carcinoma Huh-7 cells; Mr. stands for molecular
weight.

eters between 30 and 100 nm that are extracellularly se-
creted by cells. Their surfaces contain large quantities of
protein and lipid components that are closely associated
with exosomal origins and functions, and microRNAs
(miRNAs), messenger RNAs (mRNAs), and cytoplas-
mic proteins are contained within exosomes. The unique
biological characteristics of exosomes have attracted
great interest. For example, the membranous structure of
exosomes can protect cytokines or other proteins carried
by these vesicles from degradation by serum proteases,
and exosomes therefore serve as important carriers that
transmit information between cells in the body. Exo-
somes are derived from endosomes during endocytosis.
In particular, during this process, the membranes of en-
dosomes may bud inward into the endosomal lumen to
form membrane-enclosed structures. The bases of these
structures gradually separate from the endosomal mem-
brane to form small vesicles within endosomes. Mul-
tiple small vesicles can be formed at once; these sets of
many small vesicles are known as multivesicular bodies
(MVBs)""”. During exosome formation, cytoplasmic pro-
teins and membrane proteins are selectively incorporated
into exosomes. Because these proteins may include a va-
riety of cell surface receptors and/or ligands, exosomes
can act in either an autocrine or a paracrine manner and
can therefore regulate their own functions or affect dis-
tant target cells' """, However, the specific mechanisms
of these interactions and regulatory functions remain
unclear. For example, interactions between exosomes
and target cells may rely on growth factors or bioactive
lipids expressed on the surfaces of exosomes and cells,
the transfer of membrane receptors, or direct stimula-
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Figure 3 Exosome protein identification and secretion mechanisms of
human liver cancer-associated proteins as analyzed by Western blotting.
In total, 30 ug of proteins from Huh-7 whole cell lysates and exosomal proteins
were separated by 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, electrotransferred and incubated with antibodies against exosome
protein markers (HSP70 and CD63) and hepatocellular carcinoma-associated
proteins (TGM2 and annexin A2). B-actin was used as an internal control. Exo-
some protein markers (HSP70 and CD63) were identified on the surfaces of
exosome membranes. Exosomes secreted by Huh-7 hepatocellular carcinoma
cells contained the hepatoma-associated protein TGM2 but were negative for
annexin A2. Huh7-exo indicates exosomal proteins isolated from the superna-
tants of human hepatocellular carcinoma Huh-7 cells; Mr. stands for molecular
weight.

tion through the delivery of proteins to target cells. The
presence of mRNAs and miRINAs in exosomes suggests
that the exchange of genetic material may be another as-
pect of exosome-mediated information transfer between
cells"”. Exosomes from tumor cells have been proposed
to induce the cytotoxic T lymphocyte response, and
many scientists initially had high hopes for the antitumor
functions of exosomes. 5-Aza-2’-deoxycytidine, an inhib-
itor of DNA methyltransferase, can increase exosomes
produced by hepatoma cells and the immune-associated
protein component of exosomes'”. However, recent
studies have demonstrated that exosomes can downregu-
late immune responses or induce immune tolerance un-
der certain conditions, leading reseatchers to re-examine
the immunologic properties of exosomes!' . The finding
that glioblastoma tumor cell-derived exosomes contain
mRNAs and microRNAs coupled with the detection of
these exosomes in the serum of glioblastoma patients
suggests that blood-based exosomes may provide valu-
able diagnostic information and aid in therapeutic deci-
sions for cancer patients'”. Exosomes were quantified by
cytometry in the plasma of colorectal cancer patients to
evaluate their potential as a tumor indicator. The fraction
of exosomes in cancer patients was statistically higher
than that in healthy controls™. To better understand the
biological role of exosomes, it is important to work with
highly purified material.

To date, few studies have examined exosomes. One
reason for this lack of research is that the traditional exo-
some extraction process is relatively complex and cum-
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bersome, rendering exosome research difficult. In prior
studies in which exosomes have been extracted using
conventional methods, such as ultracentrifugation and
density gradient centrifugation, the reported quantities of
protein obtained from exosomes have generally been no
higher than 40 pg/ 10° cells™. In contrast, our approach,
which involves the use of a new type of nanomaterial
to isolate and extract exosomes, yielded protein quanti-
ties of up to 780 pg/10° cells from exosomes secreted
by hepatoma cells. In recent years, it has been reported
that an immunomagnetic method can be used to purify
the exosome proteins and RNA. The quality has been
greatly improved™, but there still are cumbersome and
expensive shortcomings. This novel procedure is con-
venient and efficient, and it involves only a short period
during which the samples are exposed in an open system;
as a result, the samples are not readily contaminated by
environmental or cell debris and can therefore readily
tulfill experimental and clinical needs. We first utilized
low-speed centrifugation to remove cells and cell debris
from cell culture supernatant samples and then used
ultrafiltration tubes with a 3 kDa MWCO to remove
proteins smaller than 3 kDa and a large quantity of fluid
from each sample. Subsequently, the nanomaterial was
mixed with this concentrated sample solution, and the
resulting mixture was incubated overnight in a refrigera-
tor and centrifuged; following centrifugation, the exo-
somes precipitated at the bottom of the centrifuge tube.
Observations of exosomal morphology using transmis-
sion electron microscopy revealed that the isolated and
purified exosomes were circular discs with diameters of
30 to 100 nm, and these findings were consistent with
the descriptions of exosomes in the published literature.
In addition, the biomarker proteins HSP70 and CD63
were detected in the isolated exosomes by Western blot
analysism]. In particular, Western blotting revealed clear
bands at the theoretical molecular weights of both pro-
teins, indicating that HSP70 and CDG63 are expressed in
exosomes and confirming that the bodies extracted using
the nanomaterial-based approach were indeed exosomes.
These results validate our novel method for rapidly and
efficiently isolating and purifying exosomes for exosome-
related reseatch.

Annexin A2 and TGM2 are hepatoma-related pro-
teins, and our previous study reported histological and
serological findings validating annexin A2 and TGM2 as
candidate markers for hepatocellular carcinoma (HCC) 2,
The results of immunohistochemical examinations of
HCC tissues have revealed that annexin A2 is a highly
expressed protein in HCC cells. TGM2 is a member of
the transglutaminase protein family with Ca”-dependent
transamidation functions. In particular, TGM2 facilitates
the crosslinking or polymerization of proteins by cross-
linking glutamine residues to the g-amino groups of ly-
sine residues. TGM2 has very diverse functions, including
roles in cell differentiation, apoptosis, adhesion, receptor-
mediated endocytosis, cell movement, and cell migration.
Notably, TGM2 has bidirectional roles in cellular apop-
tosis, and the specific functions of TGM2 in different
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cell types are dependent on various factors, such as the
specific apoptotic pathways and types of stimuli that are
involved, the subcellular localization of TGM2, and the
conversions catalyzed by the various enzymatic activities
of TGM2*?, TGM2 and annexin A2 do not contain
signal peptides or transmembrane domains. The extra-
cellular secretion of these proteins is thought to occur
through non-classical secretory pathways[zs]. However,
these proteins were not detected during the construction
of the normal human plasma protein database as part of
the Human Plasma Proteome Project (HPPP). Based on
the characteristic expression patterns of these proteins
and the results indicating that these proteins are potential
markers for HCC, it is possible that these proteins could
be secreted into the plasma by hepatoma cells. Therefore,
Western blot analyses were performed to detect annexin
A2 and TGM2 in the isolated and purified exosomes
secreted by Huh-7 hepatoma cells. These analyses indi-
cated that exosomes secreted from Huh-7 cells contained
TGM2 but not annexin A2. These findings confirmed
our hypothesis that TGM2 could be secreted by hepa-
toma cells and that exosomes constitute one method of
TGM2 transport. In contrast, annexin A2 may be extra-
cellularly secreted through other non-classical secretory
pathways. Furthermore, an exosome database (ExoCarta)
was searched to determine the sources of exosome
samples in which annexin A2 and TGM2 had been de-
tected™. This search revealed that these proteins had
not previously been detected in exosome samples from
human hepatoma cells, and therefore, our experimental
results address this gap in previously reported data.

This study experimentally confirmed the feasibility
of a novel approach utilizing a nanomaterial to rapidly
and efficiently isolate and purify exosomes. In addition,
annexin A2 and TGM2, which are candidate markers for
HCC, were detected in exosomes secreted by hepatoma
cells. The extracellular secretion of TGM2 must occur
through non-classical secretory pathways because this
protein possesses neither a signal peptide nor a trans-
membrane domain, and our results revealed that one
such non-classical pathway for TGM2 secretion is the
transport of this protein in exosomes. Together, these
findings provide necessary theoretical foundations for
future exosome-related research.
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Background

Exosomes are small membranous vesicles with diameters of between 30 and
100 nm. They are released from different cell types under both normal and
pathological conditions. Exosomes have been reported in many types of cul-
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tured cells and body fluids. MicroRNAs (miRNAs), messenger RNAs (mRNAs),
and cytoplasmic proteins are contained within exosomes, and exosomes have
diverse biological functions including immunomodulatory activity, intercellular
communication abilities, and the transport of infectious cargo.

Research frontiers

The molecular composition of exosomes extracted from the cell culture me-
dium from diverse cell types and various body fluids has been analyzed by
proteomics. Proteomic studies with large data sets might contribute to the
understanding of the biological functions of exosomes, such as the mechanism
of regulating tumor development. Scientists try to develop exosomes as tools to
target tumor cells. Exosomal proteins, as potential biomarkers, may be studied
more frequently in the future.

Innovations and breakthroughs

Exosomes are membrane vesicles that are 40-100 nm in diameter and are of
endocytic origin. They are released by most cell types upon the fusion of multi-
vesicular bodies with the plasma membrane, presumably as a vehicle for inter-
cellular communication. To better understand the biological role of exosomes,
it is important to work with highly purified materials. However, the extraction
assay of exosomes is normally complicated and time consuming. Here, the
authors describe a novel assay based on a nanomaterial to extract exosomes
more quickly and efficiently compared with the traditional method. A hepatoma-
associated protein, tissue transglutaminase 2 (TGM2), was found to exist in
the exosomes of the human liver cancer cell line Huh-7 for the first time. This
protein can be secreted through an exosome-mediated non-classical secretion
pathway as a potential tumor marker.

Applications

Improving conventional methods for purifying exosomes might contribute to
studying exosome biological function, and an analysis of exosomal proteins
may provide insights into the clinical monitoring of cancer patients.
Terminology

Exosomes are small membrane vesicles of endocytic origin secreted by various
cell types, and they are thought to play important roles in intercellular commu-
nication. Cancer cell-derived exosomes play a role in immune escape, neovas-
cularization, and metastasis. Although exosomes were originally described in
1983, interest in these vesicles has increased dramatically in recent years after
the finding that they contain mRNAs and miRNAs.

Peer review

The authors describe a new extraction method for exosomes from hepatocel-
lular carcinoma cells and show that the protein TGM2 can be secreted through
an exosome-mediated non-classical secretion pathway. The methodology and
the data reported are of great interest.
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