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Exosomes, the natural vehicles of various biological molecules, have been examined in several research
fields including drug delivery. Although understanding of the biological functions of exosomes has
increased, how exosomes are transported between cells remains unclear. We hypothesized that cell
tropism is important for effective exosomal intercellular communication and that parental cells regulate
exosome movement by modulating constituent exosomal molecules. Herein, we demonstrated the strong
translocation of glioblastoma-derived exosomes (U251.y,) into their parental (U251) cells, breast cancer

(MDA-MB-231) cells, and fibrosarcoma (HT-1080). Furthermore, disruption of proteins of U251y, by
Exosomes . . . .. .
Glioblastoma enzymatic treatment did not affect their uptake. Therefore, we focused on lipid molecules of U251 .4, with
Lipid the expectation that they are crucial for effective incorporation of U251.4, by cancer cells. Phosphatidyl-
ethanolamine was identified as a unique lipid component of U251-MG cell-derived extracellular vesicles.
From these results, valuable insight is provided into the targeting of U251.4, to cancer cells, which will
help to develop a cancer-targeted drug delivery system.
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1. Introduction

Systemic anti-cancer drugs often have adverse side effects;
therefore, the development of drug targeting technology is
important to provide safer cancer therapies [1]. Polyethylene gly-
col-modified nanocarrier-complexed drugs, which accumulate in
tumor tissues through passive targeting, are in use. However, the
desired effects, which are dependent on leaky tumor-angiogenic
vessels, are not attained in all tumors because the degree of tumor
vascularization can vary according to the tumor type and status
[2]. The attachment of targeting moieties, such as antibodies [3],
fragment antigen-binding [4], and small peptides [5], is useful for
selective drug delivery by recognition of cancer-associated

Abbreviations: AFM, atomic force microscopy; Ast, astrocyte; Astexo, astrocyte-
derived exosomes; Astgy, astrocyte-derived extracellular vesicles; DIC, differential
interference contrast; DLS, dynamic light scattering; EV, extracellular vesicle; GBM,
glioblastoma; MDA, MDA-MB-231; PE, phosphatidylethanolamine; SM, sphingo-
myelin; TLC, thin-layer chromatography; U251gy, U251-MG cell-derived extracel-
lular vesicles; U251, U251-MG; U251y, U251-MG cell-derived exosomes.
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molecules; however, this has not had a clinical impact on human
health [6].

Exosomes are extracellular vesicles (EVs) with a diameter of
50-100 nm that transport a broad array of biologically active
materials, such as mRNA, microRNA, and protein, between cells
[7]. These cargoes contribute to various pathological processes
[8-11]. Although cancer cell-derived exosomes apparently have
multiple functions in tumor progression, the detailed mechanism
underlying their translocation is not understood.

Once the biological significance of exosomes have advantages
for use as a drug delivery system (DDS); exosomes, which stably
transport cargoes, can be used to deliver nucleic acid drugs, and
the intrinsic therapeutic activity of exosomes can enhance the
pharmacological effects of exosome-based drugs [12]. Exosome-
mediated tumor-selective drug delivery makes exosomes an
attractive DDS candidate. Exosomes can be targeted by modifying
their surface ligands [13,14]. However, there is no report clearly
indicating the targeting of intact exosomes to cancer cells.

In this study, we investigated whether cancer cell-derived
exosomes are similarly incorporated by cancer and non-cancer
cells. In addition, factors underlying efficient incorporation of
glioblastoma (GBM) cell-derived exosomes by cancer cells were
explored.
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2. Materials and methods
2.1. Cell culture

Human GBM cells (U251-MG; U251), human breast cancer cells
(MDA-MB-231; MDA), and human fibrosarcoma cells (HT-1080)
were obtained from the American Type Culture Collection (Manas-
sas, VA, USA). Human astrocytes were purchased from DS Pharma
Biomedical (Osaka, Japan). U251 cells, MDA cells, and astrocytes
were cultured in DMEM. HT-1080 cells were cultured in EMEM
containing 1% sodium pyruvate and 1% non-essential amino acids
at 37 °C in 5% CO,. All media were supplemented with 10% fetal
calf serum, which had been depleted of EVs by ultracentrifugation
at 100,000g for 70 min [15].

2.2. Exosome isolation

Exosomes were prepared from the conditioned medium of
U251 cells and astrocytes as described previously [16]. Briefly,
the conditioned medium of cells was centrifuged at 2,000g for
20 min and then at 10,000g for 30 min to remove dead cells and
debris. EVs, including exosomes, were pelleted by ultracentrifuga-
tion at 100,000g. For further purification, a sucrose gradient
(0.25-2.5 M sucrose) was prepared over the pellet and centrifuged
at 100,000g for 5 h. Ten fractions were collected from the bottom of
the gradient, diluted with 20 mM HEPES, and pelleted by centrifu-
gation at 100,000g for 5 h. The resulting pellets containing exo-
somes derived from U251 cells or astrocytes (U251¢x, and Asteyo,
respectively) were used for further analyses.

2.3. Immunoblot analysis

Total proteins were separated by SDS-PAGE and transferred to
PVDF membranes. Membranes were incubated with a primary
antibody followed by a HRP-linked secondary antibody (GE
Healthcare, Uppsala, Sweden). Rabbit anti-CD63 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) and mouse anti-TSG101 (Abcam,
Cambridge, MA, USA) antibodies were used. Protein bands were
detected using enhanced chemiluminescence (GE Healthcare). To
detect biotinylated proteins, HRP-streptavidin (TREVIGEN, Gai-
thersburg, MD, USA) was used.

2.4. Exosomal size distribution and imaging

The size distribution of exosomes was determined by dynamic
light scattering (DLS) at 4 °C using a Zetasizer Nano instrument
(Malvern Instruments, Malvern, WR, UK). The EV mixture and each
fraction of the sucrose gradient were imaged using a confocal
microscope (LSM 510 META, Carl Zeiss, Jena, Germany). Each sam-
ple was attached to a poly-p-lysine-coated dish (MatTek Corpora-
tion, Ashland, MA, USA). After fixation, vesicles were stained with
PKH26 or PKH67 (Sigma-Aldrich, St. Louis, MO, USA). The nano-
structure of exosomes was analyzed by atomic force microscopy
(AFM) using previously described methods [17].

2.5. Enzymatic digestion of the extracellular domains of exosomal
proteins

Exosomes were incubated with 0.25% trypsin at 37 °C for 5 min
or with 100 pg/ml proteinase K (Merck, Darmstadt, Germany) at
37 °C for 30 min, and digestions were stopped by the addition of
a protease inhibitor cocktail (Sigma-Aldrich) or 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (Wako, Osaka, Japan),
respectively. Digested exosomes were pelleted by ultracentrifuga-
tion at 100,000g for 70 min. Alternatively, the surface proteins of

exosomes were biotinylated with NHS-biotin (Sigma-Aldrich),
and biotinylated proteins were purified using a streptavidin-
immobilised column (GE Healthcare).

2.6. Cellular internalization analysis

Exosomes were labeled with the green fluorescent dye PKH67
as described previously [9]. U251 cells and astrocytes were
cultured for 9 h, after which the medium was replaced with that
containing PKH-labeled exosomes. After incubation at 37 °C for
12 h, cells were gently washed with PBS, fixed, and incubated with
Rhodamine-phalloidin conjugate and Hoechst 33,258 (both from
Life Technologies, Carlsbad, CA, USA) to visualize the actin
cytoskeleton and nuclei, respectively. A laser scanning confocal
microscope was used to detect fluorescence and to collect differen-
tial interference contrast (DIC) images. For semi-quantitative
analysis, images of red fluorescence (actin cytoskeleton) and green
fluorescence (intracellular exosomes) were used (WinRoof;
MITANI CORPORATION, Fukui, Japan). Based on the DIC images,
green fluorescence intensity per cell area was calculated. Alterna-
tively, cells were incubated with exosomes for 12 h, trypsinized,
and collected. The fluorescence intensity of PKH67 per cell was
determined using a flow cytometer (FACS Caliber, BD Bioscience,
Franklin Lakes, NJ, USA).

2.7. Plasma membrane isolation

Cells were disrupted using a Dounce homogenizer in hypotonic
conditions and aliquots of the homogenate were sequentially cen-
trifuged (1000g for 7 min, 2000g for 30 min, 5000g for 30 min, and
12,000g for 70 min). The 12,000g pellet, which contained plasma
membranes but not nuclei or mitochondria (confirmed by immu-
noblotting), was used in lipid analysis.

2.8. Lipid extraction and thin-layer chromatography (TLC)

The standard sample was a mixture of each class of lipids
obtained from Avanti Polar Lipids (Alabaster, AL, USA): 1-stea-
royl-2-arachidonoyl-sn-glycero-3-phosphocholine, 1-stearoyl-2-
arachidonoyl-sn-glycero-3-phosphoethanolamine, liver phosphati-
dylinositol, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine,
N-stearoyl-D-erythro-sphingosylphosphorylcholine, and choles-
terol. Total lipids of EVs and plasma membranes were extracted
using the Bligh and Dyer method [18]. Each phospholipid class
was separated by TLC on silica plates (Merck, Darmstadt, Germany)
following the method of Yao and Rastetter [19].

2.9. Statistical evaluation

Results of confocal microscopy and TLC analyses are given as
the mean * standard error of the mean. Means were compared
using the two-tailed unpaired Student’s t test or a one-way ANOVA
with the Bonferroni/Dunn test (Prism, GraphPad Software, San
Diego, CA, USA). P < 0.05 was considered significant.

3. Results

3.1. Preparation of ultrapure exosomes by ultracentrifugation and
density gradient separation

The conditioned medium of U251 cells was sequentially centri-
fuged at increasing centrifugal force, eventually generating a
100,000g pellet. In western blot analysis, the exosomal markers
CD63 and TSG101 were detected in this pellet (Fig. 1A). However,
particles of various sizes were detected by confocal microscopy
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Fig. 1. Purification of U251-MG cell-derived exosomes by ultracentrifugation and density gradient separation. (A) The 100,000g pellets (U251gy) were analyzed for the
exosome-enriched proteins CD63 and TSG101. (B) Isolated U251, were labeled with PKH and examined by laser scanning confocal microscopy (bar, 2 pm). Inset: an
exosome-sized particle (bar, 100 nm). (C) The 100,000g pellets were subjected to density gradient separation and the resulting fractions were labeled with an anti-CD63
antibody. (D) Particles in 1.16 g/ml fraction (F-5) were imaged by atomic force microscopy (AFM) (bar, 400 nm). AFM topographic (left), amplitude (middle), and phase (right)
images of U251x,. Inset: U251, With a core region of a reduced density (bar, 100 nm).

analysis of this pellet (Fig. 1B), suggesting that further purification
using a sucrose gradient was required. Following density gradient
separation of the 100,000g pellet, CD63 was mainly located in a
1.16 g/ml fraction (F-5); larger particles were observed in higher
density fractions (Fig. 1C and Supplementary Fig. S1). These data
suggest that density gradient separation was necessary to obtain
a pure population of EVs. In DLS analysis, the size distribution of
particles in F-5 ranged from 50 to 100 nm, which corresponds to
the size of exosomes, whereas particles larger than 200 nm were
rarely detected (Supplementary Fig. S2). AFM was performed to
analyze the nanostructure of U251.,,. The 3D structure and vesic-
ular organization of U251y, was measured at the nanometer level
by acquiring topographic (height), amplitude, and phase images
(which allow variations in properties such as exosome density
and viscoelasticity to be mapped) using AFM tapping mode in
air. This showed that U251.4, were non-uniform in size and their
morphology was circular or cup-shaped with a core region of a
lower density, implying that the particles were hollow (Fig. 1D).

3.2. Effective internalization of U251., by various cancer cells

To examine the intercellular trafficking of U251, we per-
formed confocal microscopy analysis of U251 cells and astrocytes
after treatment with PKH-labeled U251, for 12 h. The concentra-
tion of U251, Was represented as the ratio between the number
of cells from which U251y, were derived (donor cells) and the
number of treated cells. Green fluorescence in U251 cells strongly
increased in a concentration-dependent manner, while it increased
moderately in astrocytes (Supplementary Fig. S3A). When there
were 10-50-fold more donor cells than treated cells, U251, were
internalized significantly more by U251 cells than by astrocytes
(Fig. 2A and Supplementary Fig. S3B). By contrast, U251y, inter-
nalization by U251 cells and astrocytes was similar when there
were 100-fold more donor cells than treated cells, meaning that
uptake was saturated. In flow cytometric analysis, the histogram

of PKH fluorescence intensity in U251 cells was shifted to the right
of that in astrocytes (Fig. 2B and Supplementary Fig. S3C).
Moreover, MDA cells significantly incorporated U251y, (Fig. 2C
and D). HT-1080 cells also internalized U251, (not significant).
These findings showed that U251.,, were taken up more effec-
tively by some cancer cells than by astrocytes.

Additionally, we investigated whether Ast.,, were effectively
taken up by U251 cells. To compare the internalization efficiency
of U251cx, and Asteo, their protein concentration, rather than
the number of donor cells, was used because exosomal secretion
likely differs among cells. The incorporation of Astey, into U251
cells was significantly lower than that of U251, (Supplementary
Fig. S4). These results suggest that U251 cells recognize U251¢,
to facilitate their effective internalization.

3.3. Protein ligand-independent interaction of U251, with U251 cells

Various surface molecules on exosomes participate in the first
step of their contact with cells. To elucidate whether protein
ligands on the surface of U251y, are involved in their effective
translocation into cancer cells, trypsin was used to remove all
surface proteins from U251y, [20]. Biotinylated proteins migrated
at a lower molecular weight following trypsin treatment, confirm-
ing that the surface proteins of exosomes were disrupted (Fig. 3A).
Trypsin-treated and mock-treated U251.y, were incorporated
similarly into U251 cells (Fig. 3B and C). Moreover, uptake of
U251.40 by U251 cells was not affected by treatment with protein-
ase K, which has a broad substrate specificity [21] (Supplementary
Fig. S5).

3.4. Phosphatidylethanolamine (PE) is a unique lipid component of
U251¢x0

Our results suggest that other factors, aside from surface
protein ligands, are involved in the effective incorporation of
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Fig. 2. Effective uptake of U251-MG (U251) cell-derived exosomes (U251.x,) by their parental cells and by other cancer cell lines. (A) Reconstructed 3D images of U251, in
U251 cells and Ast, when there were 30-fold more donor cells than treated cells (bar, 20 pm). U251, were labeled with PKH67 and added to U251 cells or astrocytes (Ast).
After 12 h, cells were fixed and stained with Rhodamine-phalloidin conjugate and Hoechst 33,258, and imaged by laser scanning confocal microscopy. (B) Fluorescence of
U251 cells and Ast following treatment with U251, Was evaluated by flow cytometry. Numbers show the median fluorescence intensity. (C) U251 cells, MDA-MB-231
(MDA) cells, HT-1080 cells, and Ast were treated with U251, for 12 h (bar, 50 um). (D) Green fluorescence intensity per cell area was determined by image analysis (n =30
cells per group). Bars indicate the mean + SEM. **P < 0.001. n.s.: not significant. a.u.: arbitrary unit.
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Fig. 3. Ligand-receptor interactions are not involved in the uptake of U251-MG (U251) cell-derived exosomes (U251.x,) by U251 cells. (A) Protein ligands on the surface of
U251.4, Were digested by treatment with trypsin at 37 °C for 5 min. Cleaved proteins on the membrane were labeled with NHS-biotin and analyzed by immunoblotting with
HRP-streptavidin. (B) Mock-treated and trypsin-treated U251.4, were labeled with PKH67 and incubated with U251 cells and astrocytes (Ast) for 12 h (bar, 50 pm). (C) Green
fluorescence intensity per cell area was determined by image analysis (n = 30 cells per group). Bars indicate the mean * standard error of the mean. *P < 0.05, **P < 0.01. n.s.:
not significant. a.u.: arbitrary unit.

U251y, into cancer cells. Therefore, we focused on the lipid com-
ponents of U251.,. Lipid components vary among exosomes
according to their parental cells and among the plasma membranes
of different cells [22]. Our attempts to assess the lipid composi-
tions of U251, and Astex, by TLC were not successful because

their lipid concentrations were too low to be detected. Instead,
we compared the lipid compositions of EVs derived from U251
cells and astrocytes (U251gy and Astgy, respectively). The ratio of
sphingomyelin (SM) to total lipids was significantly lower in
U251y than in Astgy (Fig. 4). The percentage of PE was significantly
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Fig. 4. The percentages of phosphatidylethanolamine (PE) and sphingomyelin (SM) differ between extracellular vesicles derived from U251-MG (U251) cells (U251gy) and
astrocytes (Astgy). (A) Lipid extracts of U251y and Astgy were analyzed by thin-layer chromatography. (B) The percentage of the total lipid content constituted by each lipid
class was determined by image analysis (n = 3). Bars indicate the mean #* standard error of the mean (SEM). *P < 0.05. PI, phosphatidylinositol; PS, phosphatidylserine; PC,

phosphatidylcholine; Chol, cholesterol.

higher in U251y than in Astgy. The plasma membrane of U251
cells included PE significantly compared with that of astrocytes
(Supplementary Fig. S6). These observations suggest that the lipid
components of EVs, especially PE and SM, differ according to the
cells from which they are derived, and that this difference is partly
owing to the lipid characteristics of the parental cell membranes.

4. Discussion

A major obstacle in understanding the nature of exosomes is the
lack of consensus regarding the definition of an exosome, which
has led to wide variation in the methods used to prepare and iden-
tify exosomes among studies [23]. Many types of EVs containing
exosomes have been classified according to their origin, size, and
density [24]. Although ultracentrifugation is frequently used in
many exosome isolation methods [8,10], it generated a highly het-
erogeneous population in the current study. Further purification by
density gradient separation improved this heterogeneity. The
resulting sample (U251.,,) contained particles with a diameter of
around 100 nm that expressed CD63 in a 1.16 g/cm? fraction.

Electron microscopy is the most commonly used technique to
characterize the morphology of exosomes [7,16]; however, vesicles
in fixed samples adopt an apparent 2D cup-shape under vacuum
conditions that does not necessarily reflect their original morphol-
ogy. Low-force AFM imaging of unstained and unfixed samples
under ambient conditions appears to be far less damaging to exo-
somes. Moreover, AFM has a subnanometer resolution imaging
capability, not far below that of transmission electron microscopy,
which allows structural variation among exosomes to be studied.
The morphological difference between healthy donor-derived and
cancer patient-derived salivary exosomes has been described using
AFM imaging in air [25]. We confirmed the existence of exosomes
in F-5 by AFM analysis in ambient conditions and described the
characteristics of U251¢y,.

The potential use of endogenous exosomes for cell-to-cell
communication has created excitement in the drug delivery field
because such carriers appear to have several advantages over
existing artificial DDS. We believe that a great benefit of the use
of exosomes as a DDS is their ability to target specific cells. Exo-
somes have been targeted to specific cell types using virus-derived
proteins or peptide ligands [13,14]. However, these targeting strat-
egies are not dependent on the intrinsic nature of exosomes, but on

the exogenously added protein/peptide ligands. By contrast, our
concept is based on the application of naturally targeted exosomes.
U251.4 Were efficiently incorporated into their parental cells and
other cancer cells, making this a candidate carrier for targeted drug
delivery. Whether exosomes exhibit cell tropism remains contro-
versial. Another type of GBM (U87-MG)-derived exosomes are
internalized by cells of several species [26], but the efficiency of
their uptake appears to be significantly higher in parental cells
than in other cells. Feng et al. reported that the efficiency with
which human leukemia cell (K562 or MT-4)-derived exosomes
are internalized is influenced by the phagocytic activity of recipient
cells [27]. By contrast, uptake of U251y, and Astey, by U251 cells
differed, indicating that U251 cells do not take up exosomes non-
specifically. U251, may stimulate the endocytic activity of
U251 cells. Thus, the cancer cell tropism of U251y, is not owing
to the high endocytic activity of parental cells, but to the unique
components of U251 ¢x.

Despite promising results suggesting that U251-derived exo-
somes could be used to target cancer cells, several hurdles need
to be overcome prior to clinical translation. The clinical safety of
exosomes is of most concern. We do not completely understand
the contents or functions of exosomes, meaning that their clinical
administration may have unexpected side effects. We believe that
this concern could be overcome by converting multifunctional exo-
somes into artificial drug carriers that specifically target cancer
cells.

Identifying the unique components of U251y, is required to
mimic their cancer cell targeting. However, the molecular factors
that are important for the cellular incorporation of exosomes are
not completely understood and may vary according to the origin
of the exosomes and recipient cells. Ligand-receptor interactions
between exosomes and cells are a key element in the initial step
of exosome internalization. Some adhesion molecules (CD11a
and CD54) on dendritic cell-derived exosomes are involved in the
incorporation of these exosomes into their parental cells [28]. In
the present study, enzymatic treatment disrupted surface proteins
on U251y, but did not affect their uptake by parental cells. These
results show that proteins on exosomal membranes are not associ-
ated with exosome internalization.

In addition to proteins, lipids of exosomes are also reportedly
involved in their uptake and function [15] and [20]. The unique
lipids of PC3-derived exosomes contributed to cellular adher-
ence/internalization [29]. Therefore, we hypothesized that U251



Y. Toda et al./Biochemical and Biophysical Research Communications 456 (2015) 768-773 773

cells recognize the unique lipid components of U251¢y,. In TLC
analysis, the percentages of SM and PE differed between U251y,
and Asteyxo. Enrichment of SM and monosialodihexosylganglioside
in acidic-cultured melanoma-derived exosomes positively affects
their ability to fuse by increasing their membrane rigidity [15].
However, this was not applicable to the uptake of U251y, Whose
SM content was lower than that of Astgy. PE has a cone-shaped
structure and can promote a bilayer-to-hexagonal transition,
which may facilitate fusion by increasing negative membrane
curvature [30]. PE was abundant in the plasma membranes and
exosomes of U251 cells, and this may assist the internalization of
U251y, by these cells. A direct causal relationship between effec-
tive incorporation of U251, and their lipid molecules (SM and PE)
will be investigated in the future.

In conclusion, U251-derived exosomes were potently and
specifically incorporated into cancer cells and were taken up by
their parental cells independently of surface protein ligands on
exosomes. Lipid analysis identified PE as a unique component of
U251gy. We propose that further characterization of U251¢x, will
provide critical insight into cancer cell targeting and the mecha-
nisms underlying intercellular communication via EVs.
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