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Abstract. Long non‑coding RNAs (lncRNAs) are key regu-
latory molecules in many fundamental cellular processes 
and their deregulation is assumed to contribute to carcino-
genesis. Exosomal lncRNAs are thought to be involved in 
the dissemination of cell signals to control local cellular 
microenvironments. In the current study, exosomal expres-
sion of growth arrest specific 5 (GAS5), an inhibitor of cell 
proliferation and promoter of apoptosis, was evaluated in apop-
totic processes initiated by different mechanisms. Therefore, 
MCF‑7 and MDA‑MB‑231 breast cancer cells were treated 
with Taxol (2 and 10 nM) and bleomycin (2 and 10 ng/ml) 
for 24 h. Following cell viability determination and measure-
ment of apoptosis, cellular and exosomal expression levels of 
GAS5 were investigated using a quantitative polymerase chain 
reaction assay. The findings indicate that Taxol is more toxic 
than bleomycin at the indicated doses and the effect was more 
evident in the MCF‑7 cells. Despite varying toxicity rates, 
comparable levels of apoptotic nucleosomes were measured 
between Taxol- and bleomycin‑treated cells. Upon drug treat-
ment, cellular expression levels of GAS rose (≤1.5‑fold) in the 
two cell lines. It appears that even a small increase in cellular 
expression leads to exosomal enrichment, as the accumula-
tion of GAS5 in exosomes was marked in the MCF‑7 cells 
(≤5.8‑fold). Compared with the MCF‑7 cells, the extent of GAS5 
enrichment in the exosomes secreted from MDA‑MB‑231 cells 
was moderate (≤1.9‑fold), potentially as a result of reduced cell 
death. The present study indicates that GAS5 accumulation in 
exosomes is a prevalent event in apoptotic processes that are 
initiated by different mechanisms.

Introduction

To facilitate next generation sequencing techniques, the 
discovery of pervasive transcription in the human genome 
was one of the major advances of genome research in the 
last decade (1,2). The vast majority (~98%) of the mamma-
lian genome is pervasively transcribed into countless and 
multifunctional forms of RNA molecules termed non‑coding 
RNAs (ncRNAs) (3,4). Based on the length of the functional 
transcripts, human ncRNAs have been largely classified into 
two classes: Small (20‑30 nt.) and long (>200 nt.) non‑coding 
transcripts. The small ncRNA class includes housekeeping 
and regulatory RNAs (tRNAs and rRNAs), microRNAs 
(miRNAs), as well as other small RNAs.

The long ncRNA (lncRNA) class includes an ambiguous, 
functionally distinct class of RNAs that encompasses 
thousands of lncRNA molecules with >15,000  encoded 
transcripts (5,6). Certain molecules have been reported to be 
similar to protein‑coding genes with respect to splicing and 
polyadenylation. As a result of relatively high functional diver-
sity, confusing and overlapping terminology has been used to 
name and classify lncRNAs (7). Various attributes, including 
transcript length, association with annotated protein‑coding 
gene or other DNA elements/repeats, association with a 
biochemical pathway or stability, or sequence and structure 
conservation have been used for classification. Accumulating 
evidence reveals that lncRNAs are important in various biologic 
processes, including gene regulation, chromatin modification, 
immune surveillance, differentiation, cell cycle control and 
apoptosis, or act as nuclear architecture, subnuclear compart-
ments, or enhancers and promoters in RNA processing (8‑10).

The current study evaluates lncRNA, growth arrest 
specific 5 (GAS5). It is a recently identified tumor suppressor 
and displays reduced expression levels in various types of 
cancer, such as breast, prostate, lung and colorectal cancer. As 
GAS5 is involved in the regulation of cell proliferation, growth 
arrest and apoptosis (11), its low‑expression pattern confers the 
elevated capacity of tumor cells for proliferation (12). GAS5, 
among others, was previously shown to be detectable in secreted 
exosomes (13). The existence of lncRNAs in exosomes may be 
of relevance in cancer, as exosomes are important mediators of 
intercellular communication, which regulates a diverse range 
of biologic processes (14), and their pathophysiologic roles in 
disease, including cancer are increasingly being recognized. As 
a promoter of apoptosis, exosomal GAS5 may be involved in the 
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communication of dying tumor cells in their local microenvi-
ronment. The aim of the current study was to determine whether 
exosomal expression levels of GAS5 are adjusted during apop-
tosis induction, which is triggered by different mechanisms, in 
cultured breast cancer cells.

Materials and methods

Cell lines and cell culture. Two breast cancer cell lines (MCF‑7 
and MDA‑MB‑231) were used in the present study and purchased 
from the American Type Culture Collection (ATCC; Manassas, 
VA, USA]. The MCF‑7 cell line represents hormone‑responsive 
human‑invasive breast adenocarcinoma with receptor positivity 
resulting in a luminal A subtype. The MDA‑MB‑231 cells were 
of basal subtype, as these cells do not express hormone recep-
tors and possess the mutant p53 protein (15). Cells were grown 
in Dulbecco's modified Eagle's medium (Biochrom GmbH, 
Berlin, Germany), including exosome‑free serum, in standard 
culture conditions. To obtain exosome‑free serum, fetal calf 
serum (Biochrom GmbH) was centrifuged at 120,000 x g for 
2  h. Taxol and bleomycin (AppliChem GmbH, Darmstadt, 
Germany) served as apoptosis‑inducer anticancer compounds. 
Taxol is an anti‑mitotic that interferes with normal breakdown 
of microtubules during cell division and induces cell death. 
Bleomycin induces apoptotic cell death via DNA strand breaks.

Evaluation of cytotoxicity. Taxol‑  and bleomycin‑induced 
cytotoxicity were evaluated using real‑time cellular analysis in 
the microelectronic biosensor‑based iCELLigence instrument 
(ACEA Biosciences, San Diego, CA, USA). In this system, 
numeric cell changes affect the local ionic environment at 
the electrode/solution interface, which leads to an increase 
or decrease in electrode impedance. Data are recorded as 
impedance change and expressed as the cell index (CI), as a 
mean of cell proliferation. For that analysis, 25,000 cells were 
plated and Taxol (2 and 10 nm) or bleomycin (2 and 10 nm/ml) 
(AppliChem GmbH) was added after 24 h; the cells were 
monitored for an additional 24 h. Untreated cells were used 
as control cells.

Measurement of apoptosis. For a quantitative analysis of 
apoptosis, cytoplasmic levels of mono‑ and oligonucleosomes 
released into the cytoplasm during apoptosis prior to 
membrane breakdown were measured using the Cell Death 
Detection ELISA kit (Roche Diagnostics GmbH, Mannheim, 
Germany). Detection of nucleosomal fragments as a result of 
DNA degradation has widely served as a hallmark of apoptotic 
cell death (16). The assay is based on an immunoassay using 
specific monoclonal antibodies against histones and DNA, 
allowing the determination of nucleosomes in the cytoplasmic 
fraction of cell lysates. In the present study, cells in culture 
suspension were removed by discarding the medium and only 
intact cells were used. For this assay, 150,000 cells were used 
and analyzed as previously described (17).

RNA isolation and gene expression analysis. Total cellular 
RNA was extracted using the RNA isolation solution, Tripure 
(Roche Diagnostics GmbH) according to the manufacturer's 
instructions. Exosome extraction from the culture medium 
was performed using the Total Exosome Isolation reagent 

(Thermo Fisher Scientific, Inc., Waltham, MA, USA) as per 
the manufacturer's instructions. RNA was isolated from the 
extracted exosomes using the Total Exosome RNA & Protein 
Isolation kit (Thermo Fisher Scientific, Inc.). GAS5 expres-
sion levels were quantified as previously reported (13), using 
GAPDH as internal control. The results of three different 
experiments were used.

Statistical analysis. The present study evaluates whether GAS5 
in exosomes is a marker of apoptosis. Results of three indepen-
dent cell culture experiments were used. Cell viability in the 
drug‑treated cells is expressed as the percentage of control cells 
while oligonucleosome‑associated apoptosis and GAS5 expres-
sion levels are presented as fold‑change relative to the control 
cells. Mean changes relative to basal values were statistically 
analyzed using the independent t‑test where P<0.05 was consid-
ered to indicate a statistically significant difference. Statistical 
analyses were performed using SPSS version 15 (SPSS Inc., 
Chicago, IL, USA).

Results

Drug‑induced cytotoxicity. Taxol‑ and bleomycin‑associated 
cytotoxicity in MCF‑7 and MDA‑MB‑231 cells was deter-
mined. Cells were treated with each of the drugs for 24 h, 
and the anti‑proliferative effect was measured using real‑time 
cellular analysis. The CI, as a mean of cell proliferation, served 
as the measure of cytotoxicity. Different rates of cell viability 
were obtained, which indicated the variable sensitivity of the 
cell lines to those drugs. Fig. 1A representatively depicts the 
CI of the MCF‑7 cells, and Table I shows the percentages of 
viable cells (% of control) in the MCF‑7 and MDA‑MB‑231 
cells following treatment. MCF‑7 cells were more sensi-
tive to the drugs than the MDA‑MB‑231 cells, and Taxol 
(2 and 10 nM) was identified to be more potent than bleomycin 
(2 and 10 ng/ml) at the applied doses.

Apoptosis induction. Taxol‑ and bleomycin‑induced apoptosis 
was measured in breast cancer cells following 24 h of treat-
ment. Despite differences in cell viability, considerable levels 
of cytoplasmic nucleosomes were detectable in the two cell 
lines. For example, similar quantities of nucleosomes were 
measured in the Taxol‑ and bleomycin‑treated MCF‑7 cells 
(Fig. 1B), although a difference of ~20% was noted in the mean 
CI between the two drugs. Similarly, although the toxicity of the 
two drugs was lower in the MDA‑MB‑231 cells, a considerable 
level of apoptosis was also detectable in these cells (Table I).

Cellular and exosomal GAS5 expression levels. Subsequently, 
GAS5 expression levels in Taxol‑ and bleomycin‑treated 
cells, and exosomes secreted from the drug‑treated cells 
were investigated. In the two cell lines, an increase of up 
to 1.5‑fold was detected in the cellular expression levels of 
GAS5 (Fig. 2A and B, P>0.05). Compared with cellular GAS5, 
exosomal expression levels of GAS5 appeared to be more 
responsive to apoptosis induction, as the extent of accumulation 
in secreted exosomes was marked, particularly in the MCF‑7 
cells (Fig. 2C and D). As seen in Fig. 2C and D, dose‑dependent 
increases of ≤5.8‑fold (P<0.001) and ≤1.9‑fold (P>0.05) were 
detected in the MCF‑7 and MDA‑MB‑231 cells, respectively.
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Discussion

As important mediators of intercellular communication, 
exosomes have been implicated in cancer development and 
progression (18). Their involvement in malignant development 
is associated with their cargo in the form of proteins and 
nucleic acids of different types, including lncRNAs. In this 
respect, lncRNAs and exosomes may function together to 
disseminate cell signals that alter and/or control local cellular 
microenvironments (19). Such an intercellular communication 
via RNA molecules may also occur within tumors with 
high cell turnover. The present study focused on clarifying 
whether GAS5 is enriched in exosomes during the apoptotic 

processes. To accomplish this goal, cellular and exosomal 
accumulation of GAS5 was investigated in relation to Taxol‑ and 
bleomycin‑induced apoptosis in two breast cancer cell lines that 
differ in hormone receptor expression and p53 mutational status.

At the administered doses, Taxol was identified to be 
more potent than bleomycin in the MCF‑7 and MDA‑MB‑231 
cells. This is consistent with expectations, as Taxol directly 
interferes with cell division, whereas bleomycin‑associated 
toxicity occurs via DNA damage. Similarly, Taxol‑associated 
toxicity was stronger in MCF‑7 cells when compared with 
MDA‑MB‑231 cells, which indicates the involvement of 
the hormone receptor and p53 status in MD‑MB‑231 cells. 
However, a previous study reported that Taxol‑induced 

Table I. Cell index and apoptosis levels in drug-treated breast cancer cells.

	 Mean cell index (% of control)	 Oligonucleosomes (-fold of control)
	 ---------------------------------------------------------------------------------------------------------	 ---------------------------------------------------------------------------------------------------------
Cell line	 Taxol 2	 Taxol 10	 Bleo 2	 Bleo 10	 Taxol 2	 Taxol 10	 Bleo 2	 Bleo 10

MCF-7	 69	 67	 91	 87	 3.0	 3.7	 2.8	 3.5
MDA-MB-231	 80	 75	 98	 97	 1.8	 2.1	 1.5	 1.9

Bleo, bleomycin.

Figure 1. Cytotoxicity and apoptosis induction in breast cancer cells. MCF‑7 and MDA‑MB‑231 breast cancer cells were cultured in exosome‑free condi-
tions for 24 h and treated with the indicated doses of Taxol (2 and 10 nM) and bleomycin (2 and 10 ng/ml) for a further 24 h. Antiproliferative effects and 
apoptosis induction were evaluated. (A) Cell index in control and drug‑treated MCF‑7 cells; (B) Apoptosis measurement based on cytoplasmic mono‑ and 
oligonucleosomes in control and drug‑treated MCF‑7 cells, expressed as fold‑changes relative to control cells. The mean and maximum values are shown. Tax, 
Taxol; Bleo, bleomycin.
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apoptosis in MCF‑7 and MDA‑MB‑231 cells is estrogen 
receptor‑  and  p53‑independent  (20). Despite variances in 
toxicity rates, similar levels of cell death‑associated nucleo-
somes were measured following treatment with the two 
drugs, thereby indicating the varying efficacy in blocking cell 
proliferation and apoptosis induction. In addition, the current 
findings confirm that cytoplasmic nucleosomal fragments are 
useful tools for evaluating apoptosis in intact cells, as DNA 
degradation occurs several hours before plasma membrane 
breakdown during the apoptotic process (21).

The primary goal of the present study was to investigate 
GAS5 accumulation in exosomes during apoptotic induction 
triggered by two different mechanisms, e.g., microtubule 
stabilization and DNA strand breaks. Upon apoptosis induc-
tion, cellular expression of GAS5 was induced; however, to a 
limited extent (≤1.5‑fold) whereas exosomal enrichment was 
more pronounced, particularly in MCF‑7 cells. These findings 
indicate that even a small increase of cellular GAS5 expression 
leads to exosomal accumulation. Comparable levels of GAS5 
accumulation were found in exosomes that were released from 
Taxol‑ and bleomycin‑treated MCF‑7 cells, suggesting that 
GAS5 enrichment in exosomes is associated with apoptosis 
initiation rather than the antiproliferative effect of anticancer 
agents (Table I). Accordingly, the extent of exosomal GAS5 
enrichment was lower in MDA‑MB‑231 cells, possibly as a 
result of lower cell death rates in these cells.

In conclusion, the current study provides evidence that GAS5 
accumulation in exosomes is a marker of apoptotic induction. 
Therefore, it is plausible to hypothesize that GAS5 is involved 
in communication of tumor cells upon cell death‑promoting 
signals. Tracking GAS5 in secreted exosomes may be useful for 
evaluating apoptosis and assessing the efficacy of therapeutic 
interventions in cancer, as radiotherapy and many chemothera-
peutic agents usually depend upon the efficient engagement 
of the apoptotic machinery for their action (22). However, any 
possible involvement of GAS5 in exosomal communication of 
dying tumor cells requires further research.
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