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Abstract. Exosomes are small membrane vesicles of endo-
cytic origin. They are derived from various cells, including 
tumor cells, and may serve as important modulators of 
intercellular communication. The present study established a 
U-87 MG human glioblastoma cell line that showed a stable 
expression of green fluorescent protein (GFP; U-87-GFP). 
Two types of human tumor cell lines, U-87-GFP and LoVo 
human colon cancer cells, were demonstrated to communicate 
through the transfer of GFP messenger (m)RNA by exosomes. 
Furthermore, GFP mRNAs delivered by the U-87-GFP 
cell-derived exosomes were translated into functional proteins 
in the recipient LoVo cells. In addition, LoVo cells were 
demonstrated to uptake exosomes derived from the U-87-GFP 
cells by clathrin-mediated endocytosis. These results indicate 
that tumor cell-derived exosomes may represent vesicular 
carriers that regulate gene expression, which may provide a 
pathway of intercellular communication in the tumor micro-
environment during multiorgan tumorigenesis. The exosome 
uptake pathway may have potential therapeutic applications in 
multiorgan tumorigenesis.

Introduction

Exosomes are small (50-100 nm) membrane vesicles of 
endocytic origin that are released into the extracellular envi-
ronment upon fusion of multivesicular bodies (100 nm-1 µm) 
with the plasma membrane (1,2). Various cells have been 
shown to release exosomes, including reticulocytes (3), as well 
as dendritic (4), B- (5) and T- (6), mast (7), epithelial (8) and 

tumor cells (9). In addition, exosomes have been isolated and 
characterized from various biological fluids, such as urine (10), 
serum (11) and human breast milk (12). The biological func-
tions of exosomes depend mainly on their surface proteins 
and the cell types from which they are derived. Although the 
exosome function remains poorly understood, previous studies 
have suggested that exosomes may be associated with a wide 
range of biological processes, such as intercellular commu-
nication (13) and the development of immune tolerance (14). 
Exosomes have been shown to target specific recipient cells, 
exchanging proteins and lipids between the cells and deliv-
ering messenger (m)RNAs and microRNAs (7). Therefore, the 
exosome-mediated transfer of mRNAs and microRNAs may 
be a potential mechanism for the exchange of genetic material 
between cells.

Multiorgan tumorigenesis has low incidence; however, it 
is associated with poor clinical prognosis. Previous studies 
have hypothesized that environmental or chemical factors 
contribute towards multiorgan tumorigenesis (15-17). However, 
the precise underlying mechanisms of the communication of 
multiorgan tumors with host stromal cells and tumor cells 
remain to be elucidated.

The present study evaluated the intercellular communica-
tion through exosomes in multiorgan tumorigenesis, using 
LoVo human colon cancer and U-87 MG human glioblas-
toma cells. A U‑87‑green fluorescent protein (GFP) cell line 
was initially established, which expressed GFP in U-87 MG 
cells. U-87-GFP cell-derived exosomes were hypothesized to 
transfer GFP mRNAs, which would then be translated into 
proteins in the recipient LoVo cells. The present study aimed 
to reveal the function of exosomes in intercellular communi-
cation during multiorgan tumorigenesis. The cellular uptake 
pathway of U-87-GFP cell-derived exosomes into LoVo cells 
was also investigated in order to reveal how exosomes are 
associated with intercellular communication between cancer 
cells, which may have potential therapeutic applications.

Materials and methods

Cell lines. The LoVo human colon cancer and U-87 MG 
ATCC® HTB-14™ human glioma cell lines were obtained 
from the American Type Culture Collection (Manassas, VA, 
USA). U-87-GFP cells expressing GFP were generated by 
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stable infection of U-87 MG cells with a lentiviral vector 
expressing GFP (pHAGE-CMV-MCS-IZs green vector; 
provided by Professor Chun Lu, Nanjing Medical University, 
Nanjing, China). The LoVo cells were grown in RPMI‑1640 
medium supplemented with 10% fetal bovine serum, 100 U/ml 
penicillin and 100 µg/ml streptomycin (all Life Technologies, 
Grand Island, NY, USA). The U-87-GFP cells were grown in 
Dulbecco's modified Eagle's medium supplemented with 10% 
fetal bovine serum, 100 U/ml penicillin and 100 µg/ml strep-
tomycin (Life Technologies). All the cells were maintained at 
37˚C in a humidified atmosphere containing 5% CO2.

Isolation of exosomes. The U-87-GFP cells were cultured in 
microvesicle-free medium generated by ultracentrifugation in 
an SW41 rotor (Beckman Instruments, Fullerton, CA, USA) 
at 100,000 x g for 1 h and the culture medium (2x107 cells) 
was collected following a 48 h incubation. The U-87-GFP 
cell‑derived exosomes were purified by a series of differen-
tial centrifugations, as previously described (18). Briefly, the 
collected culture supernatants were centrifuged for 10 min at 
300 x g in order to eliminate cell contamination. Subsequently, 
the supernatants were further centrifuged at 1,200 x g for 
20 min and then at 10,000 x g for 30 min. The supernatant 
from the final spin was ultracentrifuged (Beckman SW‑41; 
Beckman Coulter, Inc., Brea, CA, USA) at 100,000 x g for 
2 h in order to pellet the exosomes. Next, the exosome pellet 
was resuspended in 200 µl phosphate-buffered saline (PBS) 
and filtered through a 0.22 µm filter (EMD Millipore, 
Bedford, MA, USA). The protein concentration of exosomes 
was assessed using a Quick Start™ Bradford Protein assay 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Characteristics of exosomes. In order to determine the 
exosome morphology, the U-87-GFP cell-derived exosome 
dispersion (10 µl) was loaded onto a Formvar/carbon coated 
grid (Agar Scientific, Stansted, UK) for 1 min, negatively 
stained with 10 µl neutral 1% aqueous phosphotungstic acid 
(Sigma-Aldrich, St. Louis, MO, USA) for 1 min and visual-
ized using an electron microscope (XL-30 ESEM FEG; FEI, 
Hillsboro, OR, USA). The mean particle size (number-weighted 
size distribution) and ζ-potential of the U-87-GFP cell-derived 
exosomes were measured by dynamic light scattering using 
a Zetasizer 3000 (Malvern Instruments, Ltd., Malvern, UK). 
Briefly, 10 µl of the exosomes was dispersed into 1 ml deionized 
water. The resultant dispersion was analyzed in triplicate and 
each replicate was analyzed eleven times in order to yield the 
average particle size. Similarly, the ζ-potential of each disper-
sion sample was investigated in triplicate and each replicate 
was analyzed eleven times to obtain the average ζ-potential.

Quantitative polymerase chain reaction (qPCR) and reverse 
transcription‑PCR (RT‑PCR). The cells or exosomes were 
harvested and total RNA was extracted using the TRIzol® 

reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). 
In total, 2 µg total RNA was isolated, according to the manu-
facturer's instructions, and cDNA was synthesized using a 
conventional method (SuperScript® III; Life Technologies). 
qPCR was performed using SYBR® Green PCR Master mix 
(Applied Biosystems Life Technologies, Foster City, CA, USA) 
on an ABI 7300 Prism real-time PCR (Applied Biosystems Life 

Technologies) instrument. The following primers were used for 
qPCR amplification in the present study: GFP sense, 5'-CCA 
CTG CCA TTC TCC GAA GA-3', and antisense, 5'-TGC TGG 
ATG AAG TGC CTG TC-3'; and β-actin sense, 5'-AGG GAA 
ATC GTG CGT GAC-3', and antisense, 5'-CGC TCA TTG CCG 
ATA GTG-3'. The cycle threshold (Ct) values were measured 
and the 2–ΔCt method (where ΔCt = target gene Ct - β-actin Ct) 
was used for quantification. The primer sequences used for 
RT‑PCR amplification in the present study were as follows: 
GFP sense, 5'-AAG TTC ATC TGC ACC ACCG-3', and anti-
sense, 5'-TCC TTG AAG AAG ATG GTG CG-3'; and β-actin 
sense, 5-TGA CGG GGT CAC CCA CAC TGT GCC CAT CTA-3', 
and antisense, 5'-CTA GAA GCA TTT GCG GTG GAC GAT 
GGA GGG-3'. All primers were synthesized by GenePharma 
Co., Ltd (Shanghai, China). In total, 30 cycles of PCR were 
performed and the annealing temperature was set at 56˚C. 
The PCR cycle consisted of an initial step of 95˚C for 3 min, 
followed by 30 cycles of 95˚C for 15 sec and 56˚C for 30 sec, 
followed by an elongation step at 72˚C for 7 min. The PCR 
products were confirmed by agarose gel electrophoresis, 
followed by ethidium bromide staining (Sigma-Aldrich).

Transfer experiments. The LoVo cells (5x104 cells) were seeded 
on 24-well plates prior to incubation. The exosomes (20 µg/ml) 
were added to the LoVo cells at a ratio of 8:1 between the 
donor and recipient cells, according to a previously described 
method (7). Next, the cells were analyzed by fluorescence 
microscopy (CKX41-URFLT50; Olympus Corporation, 
Tokyo, Japan), following 0, 24 and 48 h of incubation.

Cellular uptake of exosomes. U-87-GFP cell-derived 
exosomes were initially labeled with the PKH26 fluorescent 
dye (Sigma-Aldrich), according to the manufacturer's instruc-
tion. Cellular uptake of U-87-GFP cell-derived exosomes by 
LoVo cells was conducted by incubating the PKH26-labeled 
exosomes with the LoVo cells for 12 h, in the presence of 
5 µM cytochalasin D, 500 nM bafilomycin A1 or 50 µm indo-
methacin (Sigma-Aldrich). Following the 12-h incubation, the 
LoVo cells were washed three times with PBS and detached 
by trypsinization (Life Technologies). The cells were then 
centrifuged at 300 x g for 5 min and resuspended in 0.4% (w/v) 
trypan blue (Sigma-Aldrich) in Hank's balanced salt solution 
(Life Technologies) to quench the extracellular fluorescence. 
The treated samples were washed and analyzed using a BD 
FACSCantoTM system (BD Biosciences, Franklin Lakes, NJ, 
USA) with 5,000-10,000 cells measured for each sample.

Statistical analyses. Statistical analyses were performed by 
Student's t-test using SPSS version 16.0 software (SPSS Inc., 
Chicago, IL, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Results 

Isolation and identification of tumor cell‑derived exosomes. 
Previous studies have hypothesized that environmental or 
chemical factors may contribute to multiorgan tumorigen-
esis (17,19). However, the precise mechanisms underlying 
the communication of multiorgan tumors with host cells and 
tumor cells remain to be elucidated.
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In the present study, exosomes derived from tumor cells were 
hypothesized to promote multiorgan tumorigenesis. In order to 
assess this hypothesis, the most aggressive tumor models were 
selected, including U-87 MG human glioblastoma and LoVo 
colon cancer cell lines. Initially, the ability of these tumor cells 
to produce exosomes was investigated. Next, the U-87-GFP 
human glioma cell line, showing a stable expression of GFP, was 
generated. U-87-GFP cell-derived exosomes were isolated from 
these cells through a series of differential microfiltration and 
ultracentrifugation steps, modified from a previous study (20). 
The exosomes were collected and characterized using electron 

microscopy and dynamic light scattering techniques. The 
exosomes were constitutively derived from tumor cells (with a 
density ranging between 0.75 and 1.10 g/ml). Electron micro-
graphs revealed that the exosomes appeared to be round and 
well-delimited vesicles, with a size of ~100 nm (Fig. 1A), 
which was similar to previously described exosomes (7,20-22). 
Following redispersion of the U-87-GFP cell-derived exosomes 
in deionized water, the average size and ζ-potential were found 
to be 140 nm and -6.23 mV, respectively (Fig. 1B and C). The 
exosome size observed using dynamic light scattering was 
comparable with the results obtained using electron microscopy.

Figure 1. U‑87‑GFP cells were found to release exosomes, which were isolated and purified. (A) Exosomes are vesicles with sizes of 50‑100 nm and were visual-
ized using an electron microscope. (B) Particle size distribution (number-weighted size distribution) of exosomes derived from U-87-GFP cells. (C) ζ-Potential 
distribution of exosomes derived from U‑87‑GFP cells. GFP, green fluorescent protein; U‑87‑GFP, U‑87 MG glioma cells expressing GFP.

  A   B

  C

Figure 2. Exosomes derived from U‑87‑GFP cells were found to contain and deliver GFP mRNAs. Amplification curves of (A) β-actin and (B) GFP mRNA 
mRNA, in LoVo cells, U-87-GFP cells, exosomes and LoVo cells incubated with U-87-GFP cell-derived exosomes (LoVo-exo) cells. (C) The transfer of GFP 
mRNAs was detected using reverse transcription-polymerase chain reaction (RT-PCR). (D) Quantitative PCR was used to detect GFP mRNAs in LoVo cells, 
U-87-GFP cells, exosomes and LoVo-exo cells. The cycle threshold (Ct) values were measured and the 2–ΔCt equation (ΔCt = target gene Ct ‑ β-actin Ct) was 
used for quantification. The data are presented as the mean ± standard deviation of three independent experiments. GFP, green fluorescent protein; U‑87‑GFP, 
U-87 MG glioma cells expressing GFP.
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Intercellular transfer of GFP mRNAs by tumor cell‑derived 
exosomes. The ability of tumor cell-derived exosomes to deliver 
mRNAs into tumors from different organs/sites was investigated 
as a potential pathway of intercellular communication during 
multiorgan tumorigenesis. To determine whether the exosomes 
were capable of transferring exogenous GFP mRNAs, LoVo 
cells were incubated with exosomes derived from U-87-GFP 
cells, which showed a stable expression of GFP. Following incu-
bation with the exosomes for 24 h, GFP mRNA expression was 
detected using qPCR and was further verified by agarose gel 
electrophoresis. Amplification of the housekeeping gene β-actin 
mRNA expression was detected in the LoVo and U-87-GFP 
cells, U-87-GFP cell-derived exosomes and LoVo cells incu-
bated with U-87-GFP cell-derived exosomes after 21, 28.2, 25.9 
and 22.0 cycles, respectively (Fig. 2A). Notably, no amplifica-
tion of GFP mRNA expression was detected in the LoVo cells. 
By contrast, amplification of GFP mRNA was observed in the 
U-87-GFP cells, U-87-GFP cell-derived exosomes and LoVo 
cells incubated with U-87-GFP cell-derived exosomes after 
31.8, 29.5 and 29.1 cycles, respectively (Fig. 2B). The mRNA 
expression levels of GFP were highest in the U-87-GFP cells, 
followed by the U-87-GFP cell-derived exosomes and LoVo cells 
incubated with U-87-GFP cell-derived exosomes (Fig. 2C). The 
results obtained from the agarose gel electrophoresis further 
supported the observation that GFP mRNA was detected in 
LoVo cells following incubation with U-87-GFP cell-derived 
exosomes. These data indicated that GFP mRNA was trans-
ferred from the U-87-GFP cells to the LoVo cells by U-87-GFP 
cell-derived exosomes.

GFP mRNAs transferred by exosomes are translated into func‑
tional proteins. To determine whether the mRNA transferred 
by the U-87-GFP cell-derived exosomes was functional, GFP 

mRNA delivered by exosomes were investigated to establish 
whether they can be translated into proteins in the LoVo cells. 
The exosomes were analyzed by immunofluorescence micros-
copy (Fig. 3). GFP was detected in the U-87-GFP cells; however, 
it was not detected in U87-GFP cell-derived exosomes or LoVo 
cells indicating that they did not contain GFP. Subsequently, 
LoVo cells were incubated with the exosomes derived from 
the U-87-GFP cells, and these cells were visualized using 
immunofluorescence microscopy at the following time points: 
0, 24 and 48 h. A marked increase in GFP fluorescence was 
detected in the cytoplasm and near the plasma membrane at 
24 h (Fig. 4). Thus, the GFP mRNA delivered by the exosomes 
into the LoVo cells was successfully translated into GFP.

Cellular uptake mechanism of exosomes. To clearly identify 
the role of specific endocytic pathways involved in U‑87‑GFP 
cell-derived exosome cellular internalization, LoVo cells were 
treated with known endocytic inhibitors (Fig. 5). Internalization 
of U-87-GFP cell-derived exosomes was significantly 
decreased in the presence of cytochalasin D (29.25%), an inhib-
itor of actin polymerization. Clathrin- and caveolae-mediated 
pathways have been previously shown to require actin polym-
erization, suggesting that the cellular uptake of U-87-GFP 
cell-derived exosomes is predominantly achieved through 
these pathways (23). Furthermore, internalization of the 
U-87-GFP cell-derived exosomes into LoVo cells was mark-
edly reduced in the presence of bafilomycin A1, a vacuolar 
proton ATPase inhibitor (49.11%). However, no inhibitory 
effect was observed on the cellular uptake of U-87-GFP 
cell-derived exosomes by LoVo cells in the presence of indo-
methacin, a caveolae-mediated endocytic inhibitor that blocks 
the cyclooxygenase pathway (23,24). These results indicated 
that exosomes derived from U-87-GFP cells were internalized 

Figure 3. U‑87‑GFP cells were generated using a lentiviral vector expressing GFP. Fluorescence microscopy detected no GFP fluorescence in LoVo cells and 
U‑87‑GFP cell‑derived exosomes (magnification, x10). GFP, green fluorescent protein; U‑87‑GFP, U‑87 MG glioma cells expressing GFP.
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into LoVo cells predominantly through clathrin-mediated 
endocytosis.

Discussion

The present study identified a pathway of mRNA transport 
between different tumor cells by tumor cell-derived exosomes. 
The tumor cell-derived exosomes were shown to be capable 
of transferring mRNAs to other types of tumor cells through 
clathrin-mediated endocytosis. Furthermore, GFP mRNA 

delivered by exosomes may be translated into protein in the 
recipient cells. These results indicate that tumor cell-derived 
exosomes may be capable of delivering mRNAs to recipient 
cells, which may be a potential pathway of intercellular 
communication during multiorgan tumorigenesis.

Previous studies have hypothesized that tumor cell-derived 
microvesicles contain mRNAs that may be transferred (21); 
however, little is currently known about the precise mecha-
nisms underlying the transfer of RNAs between different 
tumor types by tumor cell-derived exosomes. A previous 

Figure 5. Fluorescence-activated cell sorting analyses of the cellular uptake of PKH26 labeled exosomes, derived from U-87-GFP cells, by LoVo colon cancer 
cells following a 12‑h incubation period in the presence of endocytic inhibitors. The data are presented as the mean ± standard deviation of three independent 
experiments. *P<0.05; **P<0.01 vs. exosome only. GFP, green fluorescent protein; U‑87‑GFP, U‑87 MG glioma cells expressing GFP.

Figure 4. Detection of GFP fluorescence in viable LoVo colon cancer cells incubated with exosomes, derived from U‑87‑GFP cells, for various incubation 
periods (0, 24 and 48 h; magnification, x40). GFP, green fluorescent protein; U‑87‑GFP, U‑87 MG glioma cells expressing GFP.
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study indicated that mast cells secrete exosomes that contain 
mRNAs and microRNAs (7). Based on these previous find-
ings, the present study hypothesized that exosomal RNAs may 
be transported between tumors from different organs/sites 
by tumor cell-derived exosomes. The results of the present 
study demonstrated that exosomes were spontaneously and 
constitutively derived from tumor cells, which was consistent 
with the observations of previous studies (7,20,21,25). In addi-
tion, these tumor cell-derived exosomes were found capable 
of transferring GFP mRNA between tumor cells, which 
may be translated into functional proteins in the recipient 
cells. Recipient cells were found to uptake exosomes through 
clathrin-mediated endocytosis. The exosome uptake pathway 
may have a therapeutic application in multiorgan tumorigen-
esis.

A previous study has demonstrated that embryonic 
stem cell microvesicles may be engineered to transfer 
exogenously-expressed mRNAs and microRNAs (26). In addi-
tion, the authors demonstrated that GFP was readily detected 
in embryonic stem cell microvesicles, where it was less abun-
dant than in embryonic stem cells. By contrast, in the present 
study, GFP was not detected in the U-87-GFP cell-derived 
exosomes, indicating that protein transfer by exosomes occurs 
in a cell type-dependent manner. Simons et al (27) initially 
proposed the term microvesicles or microparticles for vesicles 
of heterogeneous size and shape (100 nm-1 µm) and the term 
exosomes for vesicles with a size of 40-100 nm that carry 
the typical exosomal marker proteins. The constituents of 
microvesicles or exosomes require further investigation, in 
order to elucidate whether they contain the same constituents. 
Notably, the results of the present study demonstrated that 
translation of the mRNA delivered by exosomes was initiated 
at 24 h and decreased at 48 h. Therefore, certain mRNAs that 
are transferred into recipient cells may fall into decay. Future 
studies should be conducted to examine the mechanisms 
underlying the regulation of exosome-transferred mRNAs by 
recipient cells. Based on the present findings, tumor‑derived 
exosomes were hypothesized to deliver genetic information to 
multiorgan tumors during intercellular communication.

The tumor microenvironment is known to be involved in 
cancer development and progression. Increasing evidence has 
indicated that microvesicles/exosomes may be important constit-
uents of the tumor microenvironment, indicating a pivotal role of 
microvesicles/exosomes in tumor invasion and metastasis, angio-
genesis and immune system suppression (9,28,29). Furthermore, 
previous studies have identified microvesicles/exosomes as major 
mediators of intercellular communication (25,30). Attention is 
currently focused on the transfer of nucleic acids by microves-
icles/exosomes in intercellular communication. For instance, 
embryonic stem cell-derived microvesicles have been shown to 
reprogram hematopoietic progenitors by horizontal transfer of 
pluripotent and early hematopoietic stem cell mRNA (31). In 
addition, numerous studies have indicated that microvesicles 
derived from tumor cells may be involved in the transfer of 
mRNAs and proteins to antigen-presenting cells (21), as well as 
oncogenetic receptors among tumor cells (20). Further evidence 
regarding nucleic acid transfer was provided by a study iden-
tifying that mast cell-derived exosomes contain mRNAs and 
microRNAs, which can be delivered to other cells; these RNAs 
were termed as ‘exosomal shuttle RNAs’ (7). In later studies, 

this novel mechanism of nucleic acid transfer has been observed 
in tumor cells. Skog et al (18) suggested that glioblastoma 
microvesicles promote tumor growth through the transportation 
of RNAs and proteins. Furthermore, Hunter et al (32) identified 
33 significantly expressed microRNAs in plasma microvesicles 
and predicted that these microRNAs may be important factors 
in the regulation of immune responses and hematopoiesis. 
In addition, Taylor et al (33) demonstrated that exosomal 
microRNA profiles from ovarian cancer patients were signifi-
cantly distinct from the profiles observed in benign diseases. 
Based on these previous findings, the present study postulated 
that nucleic acids transferred by tumor cell-derived exosomes, 
particularly mRNAs and microRNAs, may enable malignant 
cells to influence the surrounding nonmalignant cells and 
microenvironment, assisting the tumor in invasion, metastasis 
and angiogenesis, as well as immune suppression. Furthermore, 
tumor cells from various organs or sites may communicate by 
transferring genetic information through tumor cell-derived 
exosomes, thereby promoting tumor progression during multi-
organ tumorigenesis. Inhibition of the uptake pathways of tumor 
exosomes may have potential therapeutic applications in multi-
organ tumorigenesis.

In conclusion, the present study demonstrated that 
U-87-GFP cell-derived exosomes were capable of transferring 
mRNAs to LoVo cells, through clathrin-mediated endocytic 
uptake. The mRNA delivered by the exosomes may then be 
translated into functional proteins in the recipient LoVo cells. 
These results indicate that tumor cell-derived exosomes may 
represent vesicular carriers that regulate gene expression, 
which may provide a pathway of intercellular communication 
between tumor cells in the tumor microenvironment during 
multiorgan tumorigenesis.
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