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Abstract. The aim of the study was to investigate the effect of 
exosomes derived from bone marrow stromal cells (BM‑SCs) 
on the chemoresistant characteristics of nalm‑6 cells treated 
with etoposide (VP16). The present study isolated exosomes 
from BM‑SC‑conditioned medium by using standard differ-
ential centrifugation steps and detected the expression of 70 
kilodalton heat shock proteins (HSP70) and lysosomal‑asso-
ciated membrane protein 3 (CD63) in exosomes by western 
blot analysis. Nalm‑6 cells were co‑cultured with exosomes 
in the presence of VP16. Cell viability and apoptosis were 
then detected using the Cell Counting Kit‑8 method and 
Annexin‑V/propidium iodide, respectively. Finally, protein 
levels of B‑cell lymphoma 2 (BCL‑2), BCL‑2‑like protein 
4 (BAX), caspase‑3, and poly ADP‑ribose polymerase 
(PARP) were examined by western blot analysis. Exosomes 
were successfully isolated from the conditioned medium 
and confirmed by the expression of HSP70 and CD63. 
BM‑SC‑derived exosomes increased the viability of nalm‑6 
cells in the presence of VP16 and inhibited the apoptosis 
induced by VP16. Western blot analysis results showed that 
exosomes can block the significant reduction of BCL‑2, 
full‑length caspase‑3 and full‑length PARP, while preventing 
the increase of BAX, cleaved caspase‑3 and cleaved PARP 
induced by VP16. Exosomes derived from BM‑SCs can 
protect nalm‑6 cells from VP16‑induced apoptosis to main-
tain their survival and induce resistance to VP16. In addition, 
BCL‑2/BAX, caspase‑3, and PARP may be involved in the 
mechanism of exosome‑induced drug resistance.

Introduction

Acute lymphoblastic leukemia (ALL) is a malignant disease 
of the hematopoietic system that arises in the bone marrow 

(BM) (1). ALL is the most common type of cancer among 
children, but is also one of the most treatable. The majority 
of children with ALL either receive successful therapy or 
have positive outcomes, however children may relapse with 
poor outcomes subsequent to systemic treatments (2). These 
outcomes may be attributed to drug resistance of leukemia 
cells to chemotherapeutic reagents. Leukemia cells depend on 
the BM microenvironment for their growth and survival by 
interacting with BM‑SCs.

BM‑SCs are important components of the BM hematopoi-
etic microenvironment because of their ability to self‑renew 
and differentiate into a variety of mesodermal lineages, such 
as osteoblasts, chondrocytes and adipocytes  (3). BM‑SCs 
support the hematopoietic process, survival, differentiation 
and proliferation of hematopoietic cells, in vivo by secreting 
soluble cytokines, growth factors and small molecular 
mediators (4). Previous studies showed that BM‑SCs play an 
important role in the initiation, development, progression and 
drug resistance of leukemia (5). In addition, BM‑SCs affect 
the chemoresistance of leukemia cells during chemotherapy. 
Mudry et al (6) found that BM‑SCs regulated the reaction of 
leukemia cells to chemotherapeutic drugs by protecting them 
against cell apoptosis induced by chemotherapeutic regimens. 
Although previous studies reported possible mechanisms by 
which BM‑SCs protect leukemia cells against chemothera-
peutic regimens, little is known about the exact mechanisms 
of chemoresistance of leukemia cells.

A series of cytokines secreted by BM‑SCs can be 
involved in the leukemia chemoresistance process  (7,8). 
Aside from soluble factors, exosomes are an emerging 
tool for mediating cell‑cell communications and contain 
enriched proteins, mRNA, and miRNAs. Exosomes are 
40‑100 nm‑diameter nanovesicles and are secreted by various 
cell types upon fusion of multivesicular endosomes with 
plasma membranes. Exosomes mediate intercellular commu-
nications through transferring bioactive factors to other 
cells (9,10). BM‑SC‑derived exosomes have been reported as 
a new mechanism for the paracrine action of BM‑SCs (11). 
However, little is known about the role of BM‑SC exosomes 
in the chemoresistance of leukemia cells.

In the present study, exosomes were isolated from BM‑SCs 
culture medium by serial centrifugation and the effects of 
co‑cultured BM‑SCs‑exosomes on the cell viability, apop-
tosis, and drug resistance of leukemia cells in  vitro were 
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investigated. The possible mechanism involving exosomes was 
also explored to provide additional insight into the biological 
role of BM‑SCs‑exosomes and their potential clinical applica-
tions. The present study found that BM‑SCs‑derived exosomes 
protected leukemia cells against chemotherapeutic drugs by 
decreasing the sensitivity of leukemia cells to chemotherapy. 
The current findings provide new evidence about the mecha-
nism by which leukemia cells produce chemotherapeutic 
resistance.

Materials and methods

Cell culture. The human B‑cell ALL nalm‑6 cell line was 
cultured in suspension with RPMI‑1640 medium (Hyclone; 
GE Healthcare Life Sciences, Logan, UT, USA) that contained 
10% fetal bovine serum (FBS) (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) and 1% penicillin/strep-
tomycin (Gibco; Thermo Fisher Scientific, Inc.). The cells 
were incubated at 37˚C in a humidified atmosphere of 5% 
CO2 and passaged every 3 days to maintain a cell density of 
≤1x106 cells/ml. The BM‑SCs HS‑5 cell line (American Type 
Culture Collection, Manassas, VA, USA) was cultured in 
high glucose Dulbecco's modified Eagle's medium (Hyclone; 
GE Healthcare Life Sciences) with 10% FBS and 1% peni-
cillin/streptomycin at 37˚C with 5% CO2. The cells were then 
trypsinized and passaged at 1x104 cells/cm2 in the medium as 
aforementioned. The cells were used subsequent to between  
4 and 7 passages.

Isolation and identification of exosomes. BM‑SCs were grown 
to 50% confluence in a 225‑cm2 flask (Corning Incorporated, 
Corning, NY, USA), and the culture medium was removed. 
The cells were washed with PBS twice and cultured in 
UltraCULTURE Serum‑free medium (Lonza Group Ltd., 
Basel, Switzerland) for 48 h. Subsequently, exosomes were 
collected from the BM‑SCs cultures following 48 h through 
standard differential centrifugation steps using a LYNX 6000 
centrifuge (Thermo Fisher Scientific, Inc.). The supernatants 
were centrifuged at 300 x g for 10 min and 2,000 x g for 10 min 
to remove residual cells and debris, then 10,000 x g for 30 min 
to remove microparticles, and 100,000 x g for 12 h to obtain 
the exosome pellets. Finally, 70 kilodalton heat shock protein 
(HSP70; dilution, 1:2,000; catalog no., EXOAB‑Hsp70A‑1; 
System Biosciences, Inc., Palo Alto, CA, USA) and lyso-
somal‑associated membrane protein 3 (CD63; dilution, 1:1,000; 
catalog no., ab134045; Abcam, Cambridge, MA, USA) were 
determined by western blot analysis for the identification of 
exosomes. The aliquots were stored at ‑80˚C for later use, and 
the exosomes isolated from 5 ml of the conditioned medium 
were used as a unit.

Transmission electron microscopy. Purified exosomes were 
fixed with 3% glutaraldehyde for >4 h at 4˚C. Subsequently, 
the samples were washed with PBS 3 times and post‑fixed 
with 1% osmic acid for 2 h at room temperature. Subsequent 
to a series of ethanol and acetone dehydration, penetration, 
embedding, and polymerization, the samples were cut into 
slices (thickness, 70  nm) and stained with uranyl acetate 
and citric acid. Samples were dried and visualized under a 
JEOL‑1200EX transmission electron microscope (JEOL, 

Ltd., Tokyo, Japan) and recorded using MORADA‑2 software 
(Olympus Corporation, Tokyo, Japan).

Cell viability assay. Chemoresistant characteristics were 
detected by the Cell Counting Kit‑8 assay (Beyotime Institute 
of Biotechnology, Shanghai, China) according to the manufac-
turer's protocol. Nalm‑6 cells were seeded at 4x104 cells per 
well in 96‑well plates and co‑cultured with or without 1 U/ml 
exosomes in the presence or absence of 0.3 µg/ml etoposide 
(VP16). A group without cells served as blank. Cell viability 
was examined subsequent to treatment with exosomes for 48 h. 
Optical density was determined at 450 nm using a microplate 
reader. Each group was completed in triplicate, and the experi-
ment was repeated 3 times to ensure accuracy.

Cell apoptosis analysis. Nalm‑6 cells were seeded at 4x105/ml 
per well in serum‑free medium in 12‑well plates and were 
treated with or without 1  U/ml BM‑SCs‑exosomes in the 
presence of 0.3 µg/ml VP16 for 48 h. A group with nalm‑6 
cells alone served as the control. Collected cells were washed 
three times with PBS, resuspended in 100 µl of binding buffer, 
and incubated with 5 µl Annexin V and 10 µl propidium 
iodide (Beyotime Institute of Biotechnology) for 15 min at 
room temperature according to the manufacturer's protocol. 
Subsequently, the apoptosis of nalm‑6 cells was analyzed by 
flow cytometry using a Guava easyCyte 8HT flow cytometer 
(EMD Millipore, Billerica, MA, USA) and Guava Incyte 
(version 3.1.1; EMD Millipore).

Western blot analysis. Nalm‑6 cells were seeded at 
4x105/ml in serum‑free medium in a 25‑cm2 flask and treated 
with or without 1 U/ml BM‑SCs‑exosomes in the presence 
of 0.3 µg/ml VP16 for 48 h. A group with nalm‑6 cells alone 
served as control. Whole cell lysates were then extracted from 
cells suspended in radioimmunoprecipitation assay lysis buffer 
(catalog no., P0013B; Beyotime Institute of Biotechnology), 
which contained protease and phosphatase inhibitors. Lysates 
were separated by 12% SDS‑PAGE (marker ladder, 10‑170 
kDa; catalog no., SM0671/26616; Fermentas; Thermo Fisher 
Scientific, Inc.) and transferred to polyvinylidene difluoride 
membranes (EMD Millipore). The membranes were blocked in 
a blocking buffer of 20% skimmed‑milk in TBS‑Tween 20 for 
1 h at room temperature, and incubated with primary antibody 
from rabbit against human β‑actin (dilution, 1:1,000; catalog 
no.,  20536‑1‑AP; ProteinTech Group, Inc., Wuhan, China), 
B‑cell lymphoma 2 (BCL‑2; dilution, 1:100; catalog no., ab7973; 
Abcam), BCL‑2‑like protein 4 (BAX; dilution, 1:2,000; catalog 
no.,  ab32503; Abcam), caspase‑3 (dilution, 1:500; catalog 
no., 19677‑1‑AP; ProteinTech Group, Inc.), cleaved caspase‑3 
(dilution, 1:500; catalog no., 19677‑1‑AP; ProteinTech Group, 
Inc.), poly ADP‑ribose polymerase (PARP; dilution, 1:400; 
catalog no., ab6079; Abcam), and cleaved PARP (dilution, 1:250; 
catalog no., ab6079; Abcam) overnight at 4˚C. The membranes 
were then exposed to goat anti‑rabbit horseradish peroxi-
dase‑conjugated secondary antibody (dilution, 1:20,000; catalog 
no., ZB‑2301; OriGene Technologies, Inc., Beijing, China) for 1 h 
at room temperature. The bands were visualized and captured 
using ECL Western Blotting Substrate (EMD, Millipore) and  
C‑Digit Image Studio (LI‑COR, Nebraska, NE, USA) 47  
software.
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Results

Isolation and identification of BM‑SCs‑exosomes. Exosomes 
were successfully isolated from the conditioned medium of 
BM‑SCs. The size and shape of the isolated exosomes were 
confirmed using transmission electron microscopy, and 
typical cup‑shaped membrane particles with a diameter of 
50‑150 nm were observed (Fig. 1A). Western blot analysis 
showed that exosomal markers CD63 and HSP70 were 
detected in these exosomes (Fig. 1B). These results confirmed 
that the present study successfully isolated exosomes from the 
BM‑SCs‑conditioned medium.

BM‑SCs‑exosomes promote the viability of leukemia cells. 
BM‑SCs are known to increase the viability of leukemia 
cells, but the role of exosomes in these actions is not clearly 
elucidated. In the present study, the effects of BM‑SCs‑derived 
exosomes on the cell viability of nalm‑6 cells were investi-
gated in the presence or absence of VP16. As expected, the 
viability of nalm‑6 cells was increased subsequent to the cells 
being co‑cultured with BM‑SCs‑derived exosomes in the pres-
ence or absence of VP16 compared with the untreated cells 
(P=0.00081 and P=0.00073, respectively; Fig. 2A and B). 
These results demonstrated that BM‑SCs‑derived exosomes 
maintain the survival of nalm‑6 cells; thereby decreasing the 
latter's sensitivity to VP16.

BM‑SCs‑derived exosomes decrease the apoptosis of 
leukemia cells. To additionally explore the effects of exosomes 
on nalm‑6 cells, the present study evaluated the apoptosis of 
nalm‑6 cells subsequent to co‑culturing with BM‑SCs‑derived 
exosomes. Fluorescence‑activated cell sorting results showed 
that BM‑SCs‑derived exosomes decreased the apoptotic 
percentage of nalm‑6 cells (nalm‑6 and VP16 vs. nalm‑6, VP16 
and exosomes; P=0.00816 early apoptosis and P=0.00415 late 
apoptosis) induced by VP16 while increasing the percentage 
of live cells (P=0.00727) compared with the untreated cells 
(Fig. 3A and B). These data indicate that BM‑SCs‑derived 
exosomes protect nalm‑6 cells from VP16‑induced apoptosis 
to maintain its survival.

BM‑SCs‑derived exosomes regulate the apoptotic‑associated 
protein levels in leukemia cells. In the present study, the 
expression levels of apoptotic‑associated proteins BAX, 
BCL‑2, caspase‑3, cleaved caspase‑3, PARP, and cleaved 
PARP were evaluated by western blot analysis. The results 
showed that the expression levels of BAX, cleaved caspase‑3, 
and cleaved PARP were significantly upregulated in the VP16 
group (BAX, P=0.00011; cleaved caspase‑3, P=0.00012; 
cleaved PARP, P=0.00015), but were low in the control group. 
However, their expressions were downregulated subsequent to 
treatment with exosomes for 48 h (BAX, P=0.00287; cleaved 
caspase‑3, P=0.00606; cleaved PARP, P=0.00712). The expres-
sion levels of BCL‑2, caspase‑3, and PARP were significantly 
downregulated in the VP16 group compared with those in the 
control group (BCL‑2, P=0.00024; caspase‑3, P=0.00488; 
PARP, P=0.00083), whereas they were significantly increased 
in the exosome‑treated group compared with the VP16 group 
(BCL‑2, P=0.00601; caspase‑3, P=0.00221; PARP, P=0.00671) 
(Fig. 4A and B). These data indicate that apoptosis‑associated 
proteins may be involved in the drug resistance of leukemia 
cells induced by BM‑SCs‑derived exosomes.

Discussion

Previous studies have reported that exosomes may mediate 
cell‑to‑cell communication (12,13) and possess crucial roles 
in hematological malignancies. These studies have demon-
strated the functions of exosomes in cell apoptosis  (14), 
cell proliferation  (15,16), differentiation  (15), angiogen-
esis (17,18), natural killer cell cytotoxicity (19) and induction 
of antitumor T‑cell immunity  (20). However, the role of 
exosomes in the pathogenesis and progression of leukemia 
has not yet been thoroughly evaluated. BM‑SCs directly 
interact with leukemia cells and secrete soluble factors and 
other functional components to support the growth of these 
cells. However, the role of exosomes in these actions remains 
largely unclear. The present study provides novel evidence on 
the role of BM‑SCs‑derived exosomes in BM‑SCs‑induced 
leukemia cell growth, survival and drug resistance, leading 
to a better understanding of the interactions between 

Figure 1. Characterization of BM‑SC‑exosomes. (A) Transmission electron microscopy images of exosomes derived from BM‑SC cells. Scale bars represent 
500 nm, and arrows indicate typical exosomes. (B) Exosomal positive markers CD63 and HSP70 were detected in BM‑SC‑exosomes. BM‑SC, bone marrow 
stromal cells; CD63, lysosomal‑associated membrane protein 3; HSP70, 70 kilodalton heat shock proteins.
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exosomes in the BM microenvironment and the leukemia 
cells. In the present study, exosomes were isolated by ultra-
centrifugation, and the exosomal morphology and markers 
were confirmed using electron microscopy and western blot 
analysis. The results of the present study demonstrated that 
exosomes are nanoparticles of ~100 nm in size and exhibit a 

membrane‑like bilayer with a typical cup‑like shape. They 
commonly expressed CD63 and HSP70 markers.

BM‑SCs affect the survival and proliferation of leukemia 
cells by activating anti‑apoptotic and growth signaling path-
ways to secrete growth factors (21,22). In the current study, 
the results demonstrate that BM‑SCs‑exosomes increased the 

Figure 3. BM‑SC‑exosomes exhibited an increased capacity to resist VP16‑induced apoptosis. (A) Effects of BM‑SC‑exosomes on nalm‑6 cells in the presence 
of VP16. (B) Percentage of apoptotic and live nalm‑6 cells in the total cells. All values are expressed as the mean ± standard deviation of three independent 
experiments. *P<0.05, **P<0.01. BM‑SC, bone marrow stromal cells; VP16, etoposide.

Figure 2. BM‑SC‑exosomes increase the viability of leukemic cells. (A) Exosomes derived from BM‑SCs increase the viability of nalm‑6 cells in the presence 
of VP16. (B) In the absence of VP16, BM‑SC‑exosomes increase nalm‑6 cell viability. **P<0.01. BM‑SC, bone marrow stromal cells; VP16, etoposide.
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viability and survival of leukemia cells, and different pathways, 
such as BCL‑2/BAX, caspase‑3, and PARP are involved in 
these actions. BM‑SCs‑exosomes may maintain cell survival 
through the following ways: Stimulating target cells through 
surface‑expressed receptors to induce signal transduction and 
activation of anti‑apoptotic pathways in leukemic cells; horizon-
tally transferring transcription factors and miRNAs to leukemic 
cells to activate relevant pathways; and transferring receptors to 
target cells to induce more signaling pathways (23). The current 
results show that BM‑SC‑exosomes blocked the reduction of 
protein expression levels of BCL‑2, full‑length caspase‑3, and 
PARP induced by VP16; and inhibited the expression levels 
of BAX, cleaved caspase‑3, and cleaved PARP. These results 
indicate that BM‑SC‑exosomes may protect nalm‑6 cells from 
VP16‑induced cell apoptosis by regulating apoptosis‑associated 
signal molecules to induce drug resistance.

Drug resistance is a major problem in clinical cancer 
treatment and a consequence of multiple factors, including 
inhibition of apoptosis, enhanced drug export, reduced drug 
uptake, enhanced DNA repair, and enhanced drug inactiva-
tion (24). Evasion of apoptosis is typical of numerous cancers 
and a frequent cause of therapeutic resistance.

Cell apoptosis is a type of programmed cell death that plays 
a critical role in normal tissue development and removal of 
damaged, old or infected cells. During the course of apoptosis, 
cells and nucleosomal DNA fragments undergo structural 
changes, including condensation of nucleus and cytoplasm 
and formation of small membrane‑bound structures. In 
malignancies, the apoptosis program is inhibited in cancer 
cells, particularly in hematologic malignancies  (25). Cell 
apoptosis is initiated by 2 signaling pathways, the intrinsic and 
extrinsic pathways. The intrinsic pathway is more commonly 

Figure 4. Effects of BM‑SC‑exosomes on the expression levels of apoptosis‑associated proteins. (A) Nalm‑6 cells in serum medium were treated with 
BM‑SC‑derived exosomes in the presence of 0.3 µg/ml VP16, and apoptosis‑associated proteins BCL‑2, BAX, caspase‑3, and PARP were detected using western 
blot analysis. (B) Pixel densities of the proteins were quantified from 3 independent experiments and presented by histograms. The mean values ± standard 
deviation for three independent experiments are shown. *P<0.05, **P<0.01. BM‑SC, bone marrow stromal cells; VP16, etoposide; BCL‑2, B‑cell lymphoma 2; 
BAX, BCL‑2‑like protein 4; PARP, poly ADP‑ribose polymerase; Cl‑cas‑3, cleaved caspase‑3; Cl‑PARP, cleaved PARP.
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perturbed in lymphoid malignancies. The intrinsic pathway, 
also termed stress or mitochondrial pathway, is evolutionarily 
highly conserved and mainly controlled by the BCL‑2 protein 
family (26). This protein family has two subgroups based 
on their pro‑apoptotic or anti‑apoptotic activity, namely, 
pro‑apoptotic protein members [BAX, BCL‑2 homologous 
antagonist killer (BAK), BCL‑2‑like protein 11 (BIM), BH3 
interacting‑domain death agonist, and BCL‑2‑associated 
death promoter] and pro‑survival protein members (BCL‑2, 
BCL‑extra large, BCL like 2, myeloid cell leukemia 1, 
BCL‑like protein, and BCL2 related protein A1) (27). Under 
normal conditions in healthy lymphoid cells, the pro‑survival 
members of the BCL2 family constrain the essential cell 
death mediators BAX and BAK, thereby maintaining cell 
viability. Stress signals, such as DNA damage induced by 
chemotherapy, can trigger the activation of BH3‑only proteins, 
such as BIM. These proteins can bind to and inactivate the 
pro‑survival protein families, such as BCL‑2, and allow the 
activation of pro‑apoptotic protein families such as BAX and 
BAK. Once activated, BAX and BAK permeabilize the outer 
mitochondrial membrane and trigger the release of factors, 
such as cytochrome c, which functions as a co‑factor for the 
activation of caspases, including caspase‑3, caspase‑8 and 
caspase‑9; as well as damage the mitochondria which is the 
cell's major energy source (28). Caspases (cysteine‑aspartic 
proteases) are proteolytic enzymes that play an important role 
in controlling cell death and inflammation. Caspase family 
members are classified into two subgroups, namely, upstream 
or initiator (caspase‑1, ‑2, ‑4, ‑5, ‑8, ‑9, ‑10, ‑11 and 12) and 
downstream or effector (caspase‑3, ‑6, ‑7 and ‑14). Caspase‑3 
plays an important role in cell apoptosis (29). PARP partici-
pates in DNA damage by attaching to DNA repair proteins. 
Adequate PARP expression is able to facilitate the DNA 
repair process; however, activation of PARP is also able to 
induce cell apoptosis  (30). A recent study has shown that 
BM‑SCs‑exosomes can protect multiple myeloma cells from 
bortezomib‑induced apoptosis to maintain their survival and 
induce drug resistance by blocking the significant reduction 
of BCL‑2 and by reducing the expression levels of cleaved 
caspase‑3 and PARP (31).

The present results show that VP16 can inhibit the expres-
sion of BCL‑2 to allow the activation of BAX, which in turn 
activates the executioner caspase‑3 to increase the expression 
level of the cleaved form of PARP and induce the apoptosis 
of nalm‑6 cells. However, exosomes derived from BM‑SCs 
significantly increased BCL‑2, full‑length caspase‑3, and 
PARP, and decrease the protein levels of BAX, cleaved 
caspase‑3, and cleaved PARP to reduce the apoptosis of 
nalm‑6 cells. These results indicate that BM‑SCs‑exosomes 
may be involved in the drug resistance of nalm‑6 cells to 
VP16 by regulating cell apoptosis. This provides new ideas 
and strategies for the clinical treatment of leukemia. However, 
additional research is required to determine the potential 
effects of these exosomes on the development, progression, 
and prognosis of leukemia.
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