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Abstract. Microvesicles (MVs) are 30-1,000-nm extracellular 
vesicles that are released from a multitude of cell types and 
perform diverse cellular functions, including intercellular 
communication, antigen presentation, and transfer of proteins, 
messenger RNA and microRNA (also known as miR). 
MicroRNAs have been demonstrated to be aberrantly expressed 
in leukemia, and the overall microRNA expression profile 
may differentiate normal blood cells vs. leukemia cells. MVs 
containing microRNAs may enable intercellular cross-talk 
in vivo. This prompted us to investigate specific variations of 
microRNA expression patterns in MVs derived from leukemia 
cells. The present study examined the microRNA expression 
profile of MVs from chronic myeloid leukemia K562 cells and 
that of MVs from normal human volunteers' peripheral blood 
cells. The potential targets of the differentially expressed 
microRNAs were predicted using computational searches. 
Bioinformatic analyses of the predicted target genes were 
performed for further evaluation. The present study analyzed 
microRNAs of MVs derived from leukemia and normal 
cells, and characterized specific microRNAs expression. The 
results revealed that MVs derived from K562 cells expressed 
181 microRNAs of the 888 microRNAs assessed. Further 
analysis revealed that 16 microRNAs were downregulated, 
while 7 were upregulated in these MVs. In addition, significant 

differences in microRNA expression profiles between MVs 
derived from K562 cells and K562 cells were identified. The 
present results revealed that 77 and 122 microRNAs were 
only expressed in MVs derived from K562 cells and in K562 
cells, respectively. There were 104 microRNAs co-expressed 
in MVs derived from K562 cells and in K562 cells. Target 
gene-related pathway analyses demonstrated that the majority 
of the dysregulated microRNAs were involved in pathways 
associated with leukemia, particularly the mitogen-activated 
protein kinase (MAPK) and the p53 signaling pathways. By 
further conducting microRNA gene network analysis, the 
present study revealed that the miR-15a/b, miR-16, miR-17 
and miR-30 families were likely to play a role in the regulation 
of the MAPK signaling pathway. Since K562 cells presented 
the t(9;22) translocation, the current study further examined 
the predicted function of 12 microRNAs located in chro-
mosomes 9 [Homo sapiens (hsa)-let-7a, hsa-let-7f, miR-126, 
miR-126*, miR-23b, miR-24, miR-27b and miR-7] and 22 
(hsa-let-7b, miR-1249, miR-130b and miR-185), which were 
expressed both in MVs derived from K562 cells and in K562 
cells. The present study identified microRNAs of MVs from 
leukemia and normal cells, and characterized the expression of 
specific microRNAs. The current study is also the first to iden-
tify and characterize distinct microRNA expression between 
MVs derived from K562 cells and K562 cells. These findings 
highlight that a number of microRNAs from leukemia-derived 
MVs may contribute to the development of hematopoietic 
malignancies. Further investigation may reveal the function 
of these differentially expressed microRNAs and may provide 
potential targets for novel therapeutic strategies.

Introduction

Chronic myeloid leukemia (CML) refers to a group of neoplasias 
that are defined by a unique genetic aberration, the breakpoint 
cluster region-Abelson murine leukemia viral oncogene 
homolog 1 (BCR-ABL1) fusion gene (1). CML is also reognized 
as one of the best examples for molecular targeted therapy (2). 
However, numerous aspects of the pathogenesis of CML have 
not been elucidated thus far, including the mechanisms of blastic 
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crises, the causes of genetic instabilities such as the inactivation 
of tumor suppressor genes, and the oncogenic signaling path-
ways downstream of the BCR-ABL1 fusion gene product (3).

In recent years, microvesicles (MVs) in the leukemia 
microenvironment have been drawn researchers' attention (4,5). 
MVs, also known as exosomes or microparticles, are vesicles 
comprised of various cell organelles of diameters ranging from 
30 to 1,000 nm (6). The formation of MVs can happen on the 
cellular membrane surface or the endosome (7). The functions 
of MVs are closely associated with the contents in the vesicle (8). 
Despite their small size, MVs are enriched in bioactive molecule, 
including growth factors and their receptors, proteinases, adhe-
sion molecules, signal molecules, DNA, messenger (m)RNA and 
microRNA (also known as miR) (4). These bioactive molecules 
collectively function as the signaling complex (9-12). It has been 
reported that MVs released from CML cells are important in 
angiogenesis (13,14) and immunosuppression (15). The mecha-
nisms of these MVs' roles have not been yet elucidated. Previous 
studies revealed that genetic exchanges of microRNAs between 
cells can be accomplished through MVs (16-18). MVs can fuse 
with the cellular membrane and transfer all the aforementioned 
bioactive molecules to receptor cells (17), thus being important 
in cell-to-cell communication.

MicroRNAs are non-coding, single-stranded RNAs of 
21-25 nucleotides, which have recently been implicated in 
the regulation of a number of biological processes, including 
development, differentiation, apoptosis, proliferation and 
hematopoiesis (19). MicroRNAs regulate gene expression by 
promoting the degradation of their target mRNA or repressing 
its translation (19). MicroRNA expression is tissue‑specific, 
and has been demonstrated to be altered in a number of human 
cancers (20,21). In CML, abnormal expression of several 
microRNAs has been described, including miR-15a, miR-16, 
miR-142, miR-155, miR-181, miR-221, let7a and the polycis-
tronic miR-17-92 cluster (22-24).

Notably, a connection between MVs and microRNA has 
been recently proposed (25). Specific miRNAs regulate hema-
topoietic cell differentiation and development (26). Previous 
studies have indicated that microRNA packaged within MVs 
may be transported extracellularly (25,27-30). It is possible 
that these microRNAs in MVs reflect the miRNA signature 
of the parental tumor (31). Employing MVs to transfer genetic 
material would be an efficient transfer method between cells, 
and MVs containing microRNAs would enable intercellular 
and inter-organ communication in the body. 

The present study explored the hypothesis that microRNAs 
are contained within MVs derived from the CML cell line K562. 
The microRNA expression profile of MVs from K562 cells 
and from normal human volunteers' peripheral blood cells was 
examined, and the microRNA expression in K562 cells-derived 
MVs was compared with that in K562 cells, and their roles in 
leukemia were analyzed. The objectives of the present study 
were to determine whether the microRNAs contained within 
leukemia-cell-derived MVs mirrored those of leukemia cells 
and thus, could be used diagnostically and therapeutically.

Materials and methods

Cell line and control samples. The K562 cells (kindly 
provided by Dr.Jingqiong Hu, Tongji Medical College, 

Huazhong University of Science and Technology, Wuhan, 
China) were grown in RPMI 1640 medium (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 
10% MV-free (by ultrafiltration) fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.), 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, 24 mM sodium bicarbonate, 
2 mM L-glutamine, 100 IU/ml penicillin and 100 IU/ml 
streptomycin in a humidified 5% CO2 atmosphere at 37˚C. Cell 
viability was evaluated by trypan blue exclusion assay, and all 
cultures utilized were 95% viable. A method was established 
using ultrafiltration to remove MVs from fetal bovein serum. 
Initially, debris in fetal bovein serum was removed by 0.22 µm 
filter (EMD Millipore, Billerica, MA, USA). Subsequently, 
the supernatant was purified by stirring ultrafiltration with 
a 100,000 molecular weight cut off ultrafiltration membrane 
(EMD Millipore) to remove MVs.

Peripheral blood was collected in ethylenediaminetet-
raacetic acid-coated tubes from healthy donors at Union 
Hospital (Tongji Medical College, Huazhong University of 
Science and Technology) between August and October 2012. 
The criteria for volunteers selection consisted of no recent 
illnesses or treatments for a chronic medical condition. No 
medical history was obtained from the donors. The collection 
of blood occurred between the morning and early afternoon. 
The average age for the female and male donors was 35.79 and 
31.81 years, respectively. Written informed consent was 
obtained from all volunteers and this study was approved by 
the ethics committee of Tongji Medical College, Huazhong 
University of Science and Technology.

Isolation of MVs from cell culture supernatants. Supernatants 
were collected from cell culture after 24 h. Cells were centri-
fuged at 300 x g for 30 min, and the supernatant was used for 
MVs preparation. Cell debris was removed by centrifugation 
at 2,500 x g for 30 min. MVs were purified by ultracentrifu-
gation at 16,000 x g for 120 min, and subsequently washed 
with sterile filtered phosphate-buffered saline (PBS). The 
samples were resuspended in radioimmunoprecipitation assay 
(RIPA) buffer supplemented with a protease inhibitor cocktail 
(Agilent Technologies, Inc., Santa Clara, CA, USA) and stored 
at -80˚C. All centrifugations were accomplished at 4˚C. MVs 
quantity was determined with the Pierce BCA Protein Assay 
kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

Isolation of MVs from normal human volunteers' peripheral 
blood cells. Peripheral blood was centrifuged at 400 x g for 
30 min, and the plasma was used for MVs preparation. Cell 
debris and platelets were removed by centrifugation at 2,500 g 
for 20 min twice. MVs were purified by ultracentrifugation at 
16,000 x g for 120 min, and subsequently washed with sterile 
filtered PBS (32). All centrifugations were accomplished at 4˚C. 
MV pellets were resuspended in RIPA buffer supplemented 
with a protease inhibitor cocktail (Agilent Technologies, Inc.) 
and stored at -80˚C. MVs quantity was determined with the 
Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc.).

Transmission electron microscopy. For transmission 
electron microscopy, the pelleted MVs were fixed in 2.5% 
(w/v) glutaraldehyde in PBS, dehydrated and embedded in 
Epon (SPI Supplies, Inc., West Chester, PA, USA). Ultrathin 
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sections (65-nm) were cut and stained with uranyl acetate (SPI 
Supplies, Inc.) and Reynold's lead citrate (SPI Supplies, Inc.). 
The sections were examined in a Tecnai G2 12 transmission 
electron microscope (FEI, Hillsboro, OR, USA).

RNA extraction and purification. Total RNA was isolated 
from K562 cells and MVs using the mirVana microRNA 
Isolation kit according to the manufacturer's protocol 
(Ambion; Thermo Fisher Scientific, Inc.). The quality, yield 
and size of the microRNA fractions were analyzed using 
a 2100 Bioanalyzer (Agilent Technologies, Inc.). For RNA 
isolated from mononuclear cells, only an RNA integrity 
number (RIN) ≥7 was used, along with its matched plasma 
sample for profiling. Since the intact 18 and 28s ribosomal 
RNA were variable in the MVs, the RIN was not a constraint 
for these samples, although a RIN between 6.5 and 6.8 was 
observed.

MicroRNA profiling. RNA from K562 cells, and MVs both 
from K562 cells and normal human volunteers' peripheral 
blood cells were used for microRNA microarray. Human 
microRNA microarrays from Agilent Technologies, Inc., 
which contain probes for 888 human microRNAs from the 
miRBase v14.0 (mirbase.org/pub/mirbase/14.0/), were used in 
the study. In total, 100 ng of total RNA extracted from serum 
was used as inputs for sample labeling and hybridization 
preparation, following the manufacturer's protocol.

The microarray image information was converted into 
spot intensity values using Scan Control Software version 7.0 
(Agilent Technologies, Inc.). The signal upon background 
subtraction was exported directly into the GeneSpring GX 11.0 
software (Agilent Technologies, Inc.) for quartile normaliza-
tion and further analysis.

Validation of microarray data. For testing of candidate 
microRNAs acquired on microarrays, reverse transcription‑
quantitative polymerase chain reaction (RT‑qPCR) was 
performed using miScript SYBR Green PCR kit (Qiagen 
GmbH, Hilden, Germany). The assays were performed on 
three samples for six candidates (miR-494, miR-483-5p, 
miR-26a, miR-223, miR-21 and miR-22).

Statistical analysis. Data were analyzed using the statistical 
software package SAS v3.0. (Shanghai Biotechnologies 
Corporation, Shanghai, China). The statistical significance 
was calculated by the Student's t test. P≤0.05 was considered 
to indicate a statistically significant difference. Three-way 
Venn diagrams were used to indicate the number of significant 
microRNAs [P<0.05, fold-change (FC)>2 and FC<0.5] identi-
fied by the Student’s t test (K562-MVs vs. control MVs).

Pathway analysis and prediction. The human TargetScan 
Release 5.1 (http://www.targetscan.org) was used for predic-
tion of microRNA targets. In addition, potential target 
gene-associated pathways were analyzed using TargetScan 
Release 5.1 based on the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway database (http://www.genome.
jp/kegg/). The enrichment P-value of the target genes involved 
in every pathway was calculated, and the regulatory interac-
tions between genes and microRNAs were integrated.

Results

Transmission electron microscopy. MVs derived from K562 
cells and normal human volunteers' peripheral blood cells 
were collected and observed under a transmission electron 
microscope, which revealed vesicular structures characteristic 
of MVs (Fig. 1A and B).

MicroRNA expression profile in K562-derived MVs. A 
microarray containing probes for 888 human microRNAs was 
initially used to screen the significant differential expression 
levels of microRNAs between K562-MVs and control groups 
(Table I). The filtered and normalized data were subjected 
to hierarchical cluster analysis comparing the microRNA 
expression profile of K562-MVs and control group samples. 
Fig. 2 illustrates the hierarchical clustering of the differen-
tially expressed microRNAs in the pairwise comparison of 

Table I. Expression signatures of dysregulated miRNAs from 
K562-derived MVs.

A, Upregulated microRNAs in K562-derived MVs

Name P-value Fold-change

miR-151-3p 0.009770351 0.0134710
miR-1974_v14.0 0.003311413 0.0146479
miR-26a 0.003024278 0.0146984
miR-223 0.049822803 0.0147095
miR-23b 0.024271710 0.0390509
miR-103 0.023439787 0.0406894
miR-24 0.003045386 0.0496698
miR-361-5p 0.036743575 0.0531059
miR-21 0.024356252 0.0796379
miR-22 0.007922998 0.0820633
miR-126* 0.022427225 0.0843179
miR-107 0.048353604 0.1005024
miR-27b 0.033929142 0.1036153
miR-93 0.000452252 0.1485404
miR-27a 0.021547485 0.1844731
miR-185 0.039805662 0.4350724

B, Downregulated microRNAs in K562-derived MVs

Name P-value Fold-change

miR-494 0.033709016 7.1837779
miR-1275 0.040862084 11.0616334
miR-483-5p 0.030694947 12.8443913
miR-1308_v15.0 0.015232616 26.8287621
miR-575 0.015022667 46.2936787
miR-1268 0.015112414 59.5764594
miR-125a-3p 0.027056158 96.4917155

miR, microRNA; MV, microvesicle.
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Figure 2. MicroRNA expression of MVs derived from K562 cells. Hierarchical cluster analysis for MVs derived from K562 cells and from normal human 
volunteers' peripheral blood cells is represented based on filtering criteria. hsa, Homo  apiens; miR, microRNA; MV, microvesicle; NS, normalized signal.

Figure 1. Characterization of MVs. Representative micrographs of transmission electron microscopy of (A) K562 MVs and (B) control MVs exhibiting a 
spheroid shape. Both types of MVs displayed the same morphology and size. MV, microvesicle.

  A   B
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the two samples. There were seven microRNAs, including 
miR-494, miR-1275, miR-484-5p, miR-1308-v15.0, miR-575, 
miR-1268 and miR-125a-3p, with significantly higher expres-
sion levels in the K562-MV group than in the healthy group 
(FC=7.18-96.49; P<0.05; Table I). By contrast, miR-151-3p, 
miR-1974-v14.0, miR-26a, miR-24, miR-22, miR-93, miR-223, 
miR-23b, miR-103, miR-361-5p, miR-21, miR-126*, miR-107, 
miR-27b, miR-27a and miR-185 displayed a significantly lower 
expression level in the K562-MV group than in the healthy 
group (FC<0.5; P<0.05; Table I).

Comparison of K562-MVs' microRNA expression with that of 
parental cells. The presence and levels of specific microRNAs 
from both K562-MVs and their parental cells were determined 
using microarray analysis probing for 888 human microRNAs. 
The microRNA profiles of K562 cells confirmed the 
alterations previously reported (33). Furthermore, the results 
demonstrated that 30 microRNAs were above the normalized 
threshold in the 888 microRNAs, which was calculated based 
on the 95 percentile of the negative control probe signal in both 
normal cells and MVs (Fig. 3 and Table II). Of the 303 positive 
microRNAs, 104 were not significantly different between MVs 
and their parental K562 cells. By comparison, 77 microRNAs 
were present at elevated levels within MVs, while 122 were 
present at a higher proportion in the parental cells .This 
observation may suggest that the compartmentalization of 
microRNAs from cells into MVs is an active (selective) 
process, at least for certain microRNAs.

Validation of microarray data. Two upregulated (miR-494 
and miR-484-5p) and four downregulated (miR-26a, miR-22, 
miR-223 and miR-21) microRNAs of K562-MVs (in terms of 
their expression levels compared with those in the control) 
were selected for microarray data validation via RT-qPCR, 

Figure 3. Number and overlap of microRNAs in K562-derived MVs and in 
their parental cells. MV, microvesicle.

Table II. Expression levels of microRNAs in K562 cells-derived MVs compared with those of microRNAs isolated 
from K562 cells.

Elevated in cells Equal in cells and MVs Elevated in MVs

miR-142-5p, miR-374a, miR-590-5p, let-7a, let-7b, let-7c, let-7e, miR-630, miR-671-5p,
miR-101, miR-29b, miR-20a*, miR-377, let-7f, hsa-let-7f-1*, let-7g, miR-874, miR-188-5p,
miR-144, miR-381, miR-374b, miR-424, let-7i, miR-103, miR-106b, miR-483-5p, miR-513a-5p,
miR-21*, miR-140-5p, miR-301a, miR-107, miR-1202, miR-1224-5p, miR-765,
miR-19b-1*, miR-29c, miR-342-3p, miR-125a-3p, miR-125a-5p, miR-654-5p, miR-135a*,
miR-486-3p, miR-135b, miR-10a, miR-125b, miR-126, miR-1226*, miR-892b,
miR-154*, miR-301b, miR-127-3p, miR-1268, miR-1275, miR-1183, miR-2276,
miR-379, miR-487b, miR-140-3p, miR-1305, miR-130b, miR-584, miR-371-5p,
miR-136, miR-654-3p, miR-299-3p, miR-142-3p, miR-151-3p, miR-500a, miR-150*,
miR-331-3p, miR-431*, miR-33a, miR-151-5p, miR-15a,  miR-422a, miR-520b,
miR-410, miR-218, miR-660, miR-148b, miR-15b, miR-16, miR-17, miR-155, miR-501-5p,
miR-212, miR-223*, miR-100, miR-148a, miR-17*, miR-185, miR-921, miR-628-3p,
miR-409-3p, miR-30e*, miR-495, miR-19a, miR-19b, miR-1287, miR-887,
miR-99b, miR-192, miR-337-5p, miR-186, miR-20a, miR-20b, miR-21, miR-1471, miR-520e,
miR-32, miR-493*, miR-299-5p, miR-210, miR-22, miR-149*, miR-500a*,
miR-376b, miR-183 and miR-324-5p miR-223, miR-224, miR-718, miR-1181,
 miR-23a, miR-23b, miR-24, miR-513c, miR-542-5p,
 miR-25, miR-26a, miR-26b, miR-564, miR-1299,
 miR-27a, miR-27b, miR-29a, miR-662, miR-622,
 miR-30b, miR-30c, miR-30e, miR-490-5p, miR-557,
 miR-494, miR-575, miR-877, miR-602,
 miR-638, miR-7, miR-610, miR-760,
 miR-92a and miR-93 miR-125b-1*, miR-202,
  miR-502-3p, miR-99b*,
  miR-663, miR-583
  and miR-617

miR, microRNA; MV, microvesicle; hsa, Homo sapiens.
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and the results correlated well with the findings of microarray 
analysis.

Putative microRNA target genes analysis and functional 
annotation. To further study the functions of the aberrantly 
expressed microRNAs in MVs and in their parental cells, a 
predicted target analysis for these microRNAs was performed. 
The data revealed that 23 microRNAs exhibited altered 
expression in K562-derived MVs compared with control MVs. 
These microRNAs targeted 1,354 regulatory genes, which 
affect cellular apoptosis, proliferation and molecular signaling 
pathways. Notably, 43 oncogenes and tumor suppressor genes 
were identified among these aberrant microRNAs detected in 
MVs derived from K562 cells (Table III). In these dysregulated 

microRNAs, 4 microRNAs targeted 2 oncogenes of the B-cell 
lymphoma family, while 12 microRNAs targeted 16 oncogenes 
of the rat sarcoma viral oncogene homolog (RAS) family. In addi-
tion, 24 microRNAs targeted 22 housekeeping genes in the p53 
signaling pathway (Table IV). p53 is a tumor suppressor protein 
that regulates the expression of a wide variety of genes (34). It 
has been reported that the p53 signaling pathway has a key role 
in the induction of apoptosis of CML cells (35). With the excep-
tion of breast cancer 1, which was targeted by miR-125a-3p, and 
insulin-like growth factor 1, which was targeted by miR-1275 
and miR-1207-5p, 16 of the above housekeeping genes were 
targeted by the downregulated microRNAs.

A predicted target analysis was also performed for the 
104 microRNAs co-expressed in MVs and in their parental 

Table III. Tumor related genes targeted by miRNAs from K562-derived MVs.

A, Oncogenes targeted by microRNAs in K562-derived MVs

Oncogene microRNA species Oncogene microRNA species

BCL3 miR-27b|miR-27a RAB4B miR-24
BCL7A miR-1202|miR-21 RAB5A miR-494
CASC4 miR-575 RAB8B miR-23a|miR-23b
CBL miR-425 RAP1A miR-24
ERBB3 miR-22|miR-24 RAP2C miR-93|miR-24
ERBB4 miR-193b| miR-23a|miR-23b RAN miR-134
ETS1 miR-1202 RASL11B miR-93
FYN miR-125a-3p RASSF2 miR-93
MCL1 miR-93 RASD1 miR-93
MLF2 miR-93 RBBP4 miR-24
MTUS1 miR-361-5p RHOU miR-26a|miR-26b
MYCT1 miR-23a|miR-23b RHOC miR-93
RAB11A miR-21 RRAS2 miR-23a, miR-23b|miR-223
RAB21 miR-26a|miR-26b SKI miR-21
RAB35 miR-185 STMN1 miR-193b
RAB39B miR-23a|miR-23b TET3 miR-26a|miR-26b

B, Tumor suppressors targeted by microRNAs in K562-derived MVs

Tumor suppressor microRNA species Tumor suppressor microRNA species

BAK1 miR-26a|miR-26b|miR-27b|miR-27a NF1 miR-103,miR-107|miR-128| miR-125a-3p
BCR miR-26a|miR-26b PHF6 miR-26a
BRCA1  miR-125a-3p PTEN miR-22|miR-494|miR-29a miR-29b
BRMS1L miR-93 RGS4 miR-26a|miR-26b
BTG3 miR-93 TP53INP1 miR-22
FOXO1 miR-223 TUSC2 miR-23a|miR-93|miR-23b
IKZF4 miR-575  

miR, microRNA; MV, microvesicle; BCL3, B-cell CLL/lymphoma 3; BCL7A, BCL tumor suppressor 7A; CASC4, cancer susceptibility can-
didate 4; CBL, Casitas B-lineage lymphoma; ERBB3, erb-b2 receptor tyrosine kinase 3; ERBB4, erb-b2 receptor tyrosine kinase 4; ETS1, E26 
transformation specific sequence 1; FYN, Fibroblast Yes related novel; MCL1, myeloid cell leukemia sequence 1; MLF2, myeloid leukemia 
factor 2; MTUS1, microtubule associated tumor suppressor1; MYCT1, myc target 1; RAB11A, RAB21, RAB35 and RAB39Bare members 
RAS oncogene family; BAK1, BCL2 antagonist/killer 1; BCR, breakpoint cluster region; BRCA1; BRMS1L, breast cancer metastasis-
suppressor 1‑like; BTG3, B cell translocation gene anti‑proliferation factor 3; FOXO1, orkhead box O1; IKZF4, IKAROS family zinc finger 4.
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K562 cells. In total, 97 microRNAs targeted 3,743 regula-
tory genes. Data regarding miR-17*, miR-191*, miR-1914*, 
miR-1974_v14.0, miR-1977_v14.0, miR-1979_v15.0 and 
miR-33b* were not available in TargetScan 5.1.

Gene ontology (GO) analysis revealed that the high- 
enrichment GOs targeted by the microRNAs co-expressed 
in MVs and the corresponding K562 cells were involved in 
various processes, including cell communication, signal 
transduction, RNA metabolism, transcription and cell differ-
entiation. The pathway analysis revealed that there were 
13 different pathways corresponding to the target genes, 12 of 
which were enriched (P<0.01) (Table V).

Mitogen-activated protein kinase (MAPK) signaling pathway 
is regulated by microRNAs in K562-MVs and K562 cells. To 
elucidate the mechanisms by which microRNAs co-expressed 
in MVs and parental K562 cells regulated leukemogenesis, a 
bioinformatic approach was undertaken to identify signaling 
pathways and target genes regulated by these microRNAs. 
Using SAS v3.0, which is designed to integrate microRNA 
target genes into signaling pathways, mRNAs involved in the 

MAPK signaling pathway, focal adhesion pathway, insulin 
signaling pathway and Wnt signaling pathway were observed 
to be significantly enriched in these microRNA target genes. 
These target genes were analyzed, and it was noticed that 
34 microRNAs targeted 44 genes of the MAKP pathway, 
suggesting that the MAPK signaling pathway may play a 
significant role in MVs and their parental K562 cells. 

The microRNA-gene interaction networks are repre-
sented in Fig. 4. As indicated in Fig. 4, the miR-30 family 
(with the exception of miR-30a and miR-30d) contained the 
most targeted mRNAs, with degrees ranging from 6 to 9, 
while miR-17, miR-16 and miR-15a/b occupied an important 
position in the MAPK pathway. These microRNAs may be 
important in the pathogenesis of CML. It was speculated that 
miR-17, miR-16 and miR-15a/b may be the key regulators of 
the MAPK signaling pathway in CML cells.

Chromosomal localization. A rearrangement (transloca-
tion) of genetic material between chromosomes 9 and 22 is 
associated with several types of blood cancer, particularly 
CML (36,37). As a typical CML cell line, K562 cells 

Table IV. Housekeeping genes in the p53 signaling pathway that are targeted by microRNAs in K562-derived microvesicles.

MicroRNAs Genes Role in the p53 pathway

miR-185 BAI1 Negative regulation of cell proliferation,
  inhibition of angiogenesis and metastasis
miR-26a|miR-26b|miR-27b|miR-27a BAK1 Apoptosis
miR-26a|miR-26b BID Induction of apoptosis
miR-125a-3p BRCA1 Apoptosis, DNA repair and cell proliferation
miR-93 CASP2 Anti-apoptosis
miR-93 CCNG2 Cell cycle checkpoint
miR-23a|miR-23b CCNH Cell cycle genes
miR-27b|miR-27a CHEK2 Cell cycle arrest
miR-22 CYR61 Cell proliferation
miR-1275|miR-1207-5p IGF1 Anti-apoptosis
miR-23a|hsa-let-7f|hsa-let-7e|hsa-let-7c FAS Apoptosis
hsa-let-7b|hsa-let-7a|miR-23b|hsa-let-7g MSH2 DNA repair genes and negative regulation of the
miR-21  cell cycle
miR-125a-3p|miR-103| NF1 Negative regulation of cell proliferation and 
miR-107|miR-128  negative regulation of the cell cycle
miR-27b|miR-128|miR-27a PHB Associated with cell growth, proliferation and
  differentiation
miR-103|miR-107 RAI14 Apoptosis
miR-27b|miR-27a SESN2 Cell cycle arrest
miR-223 SNCA Anti-apoptosis
miR-93 MCL1 Anti-apoptosis
miR-24 TSHR Positive regulation of cell proliferation
miR-24 PIGS Apoptosis

miR, microRNA; hsa, Homo sapiens; BAI1, brain‑specific angiogenesis inhibitor 1; BAK1, BCL2 antagonist/killer 1; BID, BH3 interacting 
domain death agonist; BRCA1, breast cancer 1, DNA repair associated; CASP2, caspase 2; CCNG2, cyclin G2; CCNH, cyclin H; CHEK2, 
checkpoint kinase 2; CYR61, cysteine rich angiogenic inducer 61; IGF1, insulin like growth factor 1; FAS, Fas cell surface death receptor; 
MSH2, mutS homolog 2; NF1, neurofibromin 1; PHB, prohibitin; RAI14, retinoic acid induced 14; SESN2, sestrin 2; SNCA, synuclein 
alpha; MCL1, myeloid cell leukemia sequence 1; TSHR, thyroid stimulating hormone receptor; PIGS, phosphatidylinositol glycan anchor 
biosynthesis class S.
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presented t(9:22) (38); thus, the chromosome location of the 
differentially expressed microRNAs was further examined. 
Several differentially regulated microRNAs in K562-derived 
MVs, including miR-27b, miR-24, miR-23b and miR-126*, 
were located in chromosome 9. A total of 12 co-expressed 
microRNAs in MVs and their corresponding parental 
K562 cells [Homo sapiens (hsa)-let-7a, hsa-let-7f, miR-126, 

miR-126*, miR-23b, miR-24, miR-27b and miR-7] were 
mapped to chromosome 9, whereas hsa-let-7b, miR-1249, 
miR-130b and miR-185 were mapped to chromosome 22. 
The genomic locations of a number of these microRNAs 
were distant from the ABL1 and BCR gene locus (Fig. 5). 
Using target prediction programmes, 875 predicted targets 
were observed to be regulated by these 12 microRNAs, 

Table VI. Target genes of microRNAs mapped to chromosomes 9 and 22 in K562 microvesicles and K562 cells.

MicroRNAs Targetsa -ln (P-value) Pathways in CML

hsa-miR-126 CRK  2.13 1
miR-24 CDKN1B, GAB2, ACVR1B, PIK3R3 1.17 1, 2, 3
miR-27b TGFBR1, KRAS, CDK6, SOS1, RUNX1, 4.26 1, 2, 4
 GRB2, CBLB, ACVR1C, SHC4, PIK3CD    
hsa-let-7a,hsa-let-7b, GAB2, TGFBR1, CDKN1A, CBL, E2F2, RB1, TP53, 10.85 1, 2, 3, 4, 5
hsa-let-7f AKT2, ACVR1B, ACVR1C, BCL2L1, CCND  
miR-7 RB1, BCR, PIK3CD, PIK3R3, BCL2L1, RAF1 9.80 1, 4, 5
miR-23b STAT5B, SOS1, PTPN11, RUNX1, TGFBR2,  3.95 2
 ACVR1C, PIK3R3, CCND1
miR-130b TGFBR1, CDKN1A, SOS2, E2F2, MAPK1, TGFBR2, 4.87 1, 2, 4, 6
 ACVR1C, SMAD4

1, PI3K/Akt signaling pathway; 2, TGF-β signaling pathway; 3, apoptosis; 4, cell cycle; 5, p53 signaling pathway; 6, MAPK signaling. miR, 
microRNA; CML, chronic myeloid leukemia; hsa, Homo sapiens; CRK, v-crk avian sarcoma virus CT10 oncogene homolog; CDKN1B, cyclin 
dependent kinase inhibitor 1B; GAB2, GRB2 associated binding protein 2; ACVR1B, activin A receptor type 1B; PIK3R3, phosphoinositide-
3-kinase regulatory subunit 3; TGFBR1, transforming growth factor beta receptor 1;  KRAS, Kirsten ras oncogene homolog; CDK6, cyclin 
dependent kinase 6; SOS1, SOS Ras/Rac guanine nucleotide exchange factor 1; RUNX1, runt related transcription factor 1; GRB2, growth 
factor receptor bound protein 2 ; CBLB, Cbl proto-oncogene B; ACVR1C, activin A receptor type 1C; SHC4, SHC adaptor protein 4; PIK3CD, 
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta; CDKN1A, cyclin dependent kinase inhibitor 1A; CBL, Casitas 
B-lineage lymphoma; E2F2, E2F transcription factor 2; RB1, retinoblastoma 1; TP53, tumor protein p53; AKT2, AKT serine/threonine kinase 
2; CCND1,cyclin D1; BCR, breakpoint cluster region; BCL2L1, BCL2 like 1; RAF1, v-raf-leukemia viral oncogene 1; STAT5B, signal 
transducer and activator of transcription 5B; PTPN11, protein tyrosine phosphatase, non-receptor type 11; TGFBR2, transforming growth 
factor beta receptor 2; SOS2, SOS Ras/Rho guanine nucleotide exchange factor 2; MAPK1, mitogen-activated protein kinase 1; SMAD4, 
SMAD family member 2.
  

Table V. Target gene-associated pathways.

Term Number q‑value Enrichment test P-value

Cell cycle 3 0.1089 0.9065
Notch signaling pathway 8 0.0014 0.0053
Chronic myeloid leukemia 18 0.0000 0.0000
VEGF signaling pathway 18 0.0000 0.0000
mTOR signaling pathway 23 0.0000 0.0000
TGFβ signaling pathway 23 0.0000 0.0000
p53 signaling pathway 24 0.0000 0.0000
ErbB signaling pathway 26 0.0000 0.0000
Jak-STAT signaling pathway 26 0.0000 0.0000
Wnt signaling pathway 41 0.0000 0.0000
Insulin signaling pathway 46 0.0000 0.0000
Focal adhesion 61 0.0000 0.0000
MAPK signaling pathway 90 0.0000 0.0000

VEGF, vascular endothelial growth factor; mTOR, mechanistic target of rapamycin; TGF, transforming growth factor; Jak, Janus kinase; STAT, 
signal transducer and activator of transcription; MAPK, mitogen-activated protein kinase.
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which may participate in leukemia via the above 875 genes. 
Using TargetScan 5.1 based on the KEGG pathway database, 
signaling pathways were analyzed for predicted targets 

involved in the MAPK, transforming growth factor (TGF)β, 
p53, ErbB, Wnt, vascular endothelial growth factor, Notch 
and mechanistic target of rapamycin (mTOR) signaling 

Figure 5. Map of chromosomes 9 and 22 indicating the locations of the microRNAs co-expressed in K562 cells and in K562 microvesicles. The genomic 
locations of these microRNAs were distant from the ABL1 and BCR gene locus. ABL1, Abelson murine leukemia viral oncogene homolog 1; BCR, breakpoint 
cluster region; miR, microRNA.

Figure 4. MicroRNA-gene interaction networks of the MAPK signaling pathway. Blue nodes represent microRNAs co-expressed in microvesicles derived 
from K562 cells and in K562 cells, while red nodes represent their target mRNAs. The edges represent the regulatory effect of microRNAs on mRNAs. 
miR-16, hsa-miR-17 and hsa-miR-15 family (miR-15a and miR-15b) were the most targeted mRNAs in the MAPK pathway (all exhibited a degree of 7). 
miRNA, microRNA; mRNA, messenger RNA; hsa, Homo sapiens; MAPK, mitogen-activated protein kinase; BCR, breakpoint cluster region; CCNT2, cyclin 
T2; CACNA1C, calcium voltage‑gated channel subunit alpha1 C; CHUK, conserved helix‑loop‑helix ubiquitous kinase; CACNA1A, calcium voltage‑gated 
channel subunit alpha1 A; CACNB2, calcium voltage-gated channel auxiliary subunit beta 2; CRK, v-crk avian sarcoma virus CT10 oncogene homolog; 
CCND1, cyclin D1; CCNE1, cyclin E1; CCNG7, cyclin G7; DUSP2, dual specificity phosphatase 2; E2F2, E2F transcription factor 2; E2F3, E2F transcription 
factor 3; FAS, Fas cell surface death receptor; IL1A, interleukin 1 alpha; IKBKB, inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta; 
KRAS, Kirsten ras oncogene homolog; MAP4K3, mitogen-activated protein kinase kinase kinase kinase 3; MAP2K7, mitogen-activated protein kinase kinase 
7; MAPKAPK3, mitogen-activated protein kinase-activated protein kinase 3; CRKL, CRK like proto-oncogene; MAPK14, mitogen-activated protein kinase 
14; MAP3K3, mitogen-activated protein kinase kinase kinase 3; MAPK6, mitogen-activated protein kinase 6; MAPKAP1, mitogen-activated protein kinase 
associated protein 1; MAPK1, mitogen-activated protein kinase 1; MAP3K1, mitogen-activated protein kinase kinase kinase 1; MAP4K4, mitogen-activated 
protein kinase kinase kinase kinase 4; MAP3K7IP3, mitogen-activated protein kinase kinase kinase 7-interacting protein 3; MAP3K4, mitogen-activated 
protein kinase kinase kinase 4; MAP3K2, mitogen-activated protein kinase kinase kinase 2; MAP3K5, mitogen-activated protein kinase kinase kinase 5; 
MAP3K9, mitogen-activated protein kinase kinase kinase 9; MKNK1, MAP kinase interacting serine/threonine kinase 1; MAP2K1, mitogen-activated protein 
kinase kinase 1; PLA2G3, phospholipase A2 group III; PPP3R1, protein phosphatase 3 regulatory subunit B, alpha; RAF1, v-raf-leukemia viral oncogene 1; 
RASA1, RAS p21 protein activator 1; SOS1, SOS Ras/Rac guanine nucleotide exchange factor 1.
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pathways, focal adhesion and cell cycle. Table VI summa-
rizes the predicted targets associated with CML.

Notably, it was observed that 70 of the 104 microRNAs 
co-expressed in MVs and in the corresponding parental K562 
cells targeted 184 genes that were mapped to chromosome 9, 
while 50 of the 104 microRNAs targeted 66 genes that were 
mapped to chromosome 22. These genes were correlated 
with the cell cycle, p53 signaling pathway, MAPK signaling 
pathway and RAS oncogene family.

Discussion

In the present study, K562 MVs microRNA expression was 
evaluated, and 7 microRNAs were identified to be significantly 
upregulated, while 16 were downregulated, in the K562-MV 
group compared with parental K562 cells (Table I). Those 
microRNAs may play a role in leukemia. MVs microRNAs 
may influence homeostasis (17). MVs in the leukemia microen-
vironment may target and fuse with normal cells, and transfer 
the dysfunctional microRNA to normal cells, consequently 
modifying normal cells in their environment to promote tumor 
growth, invasion and metastasis by various mechanisms.

The present study next assessed the microRNA expression 
profile of K562 cells. Compared with the microRNA expression 
profile of K562-derived MVs and their parental cells, 181/888 
microRNAs (20%) were present at elevated levels within 
MVs and 226/888 microRNAs (25%) were present at a higher 
proportion in the parental cells. In addition, 104 microRNAs 
were co-expressed both in MVs and parental cells, which 
indicated that MVs microRNA content may, at least in part, 
reflect the expression of their parental cells. In other words, 
the microRNA expression profile of leukemia-derived MVs is 
a small version of that exhibited by the leukemia parental cells.

Notably, 104 co-expressed microRNAs in MVs and 
their parental cells included certain microRNA clusters and 
microRNA families associated with cancer. For example, 
the microRNA-23-27-24 cluster is associated with angiogen-
esis (39), and the oncomir miR-17-92 cluster (miR-17, miR-19a, 
miR-19b, miR-20a and miR-92a), which was detected in CML 
cluster of differentiation 34+ cells (24), was also observed in the 
present study. These clusters encoded seven microRNAs that 
regulate cell proliferation, apoptosis and development (40).

Since microRNAs have a global effect on gene expression, it 
is not surprising that they may modulate leukemia progres-
sion. In the present study, a number of oncogenes and tumor 
suppressor genes were regulated by microRNAs. According 
to computational predictions, a single microRNA can target 
dozens of genes, and different microRNAs can target one 
gene (41). The microRNAs displayed co-expression both in 
K562 MVs and in the corresponding parental cells, indicating 
a common role in leukemia genesis or progression.

It was also observed that 122 elevated microRNAs 
were only expressed in parental cells, suggesting that the 
compartmentalization of microRNAs from cells into MVs, at 
least for certain microRNAs, is an active (selective) process.

The present study also identified target genes regulated 
by microRNAs that were dysregulated in MVs and in their 
parental K562 cells. It was observed that oncogenes and tumor 
suppressor genes were significantly enriched in these target 
genes. A large number of the genes identified in the present 

study as the potential targets of differentially regulated 
microRNAs are known to be involved in cancer through their 
effects on cell differentiation [cyclin-dependent kinase 6 and 
leukemia inhibitory factor receptor (LIFR)], apoptosis (proviral 
integration site 1) or hematopoiesis (GATA binding protein 2 
and T-cell acute lymphocytic leukemia 1). Notably, numerous 
targets of the cancer-associated microRNAs, including 
activin A receptor (ACVR)1B, ACVR1C, Casitas B-lineage 
lymphoma (CBL), cyclin (CCN)D1, cyclin-dependent 
kinase inhibitor 1B, CT10 regulator of kinase (CRK), cold shock 
domain containing E1, ecotropic virus integration site 1 protein 
homolog, growth factor receptor-bound protein 2, histone deacet-
ylase 2, LIFR, phosphoinositide-3-kinase regulatory subunit 3,  
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit delta, RAF1, retinoblastoma 1, runt related transcrip-
tion factor 1, son of sevenless homolog 1 (SOS1), signal 
transducer and activator of transcription (STAT)5B, TGFβ 
receptor (TGFBR)2, TGFBR1 and tumor protein 53, have 
been previously reported to be associated with leukemogen-
esis (42,43). K562 cells released MVs enriched in aberrantly 
expressed microRNAs, including oncomicroRNAs and tumor 
suppressor microRNAs, into the leukemia cells microenvi-
ronment, which may play a role in leukemia by abnormally 
regulating their target genes, including oncogenes and tumor 
suppressors, consequently resulting in leukemia.

The present study also identified signaling pathways regu-
lated by microRNAs that were dysregulated in MVs and in their 
parental K562 cells. A large number of these target genes were 
involved in the MAPK, RAS, p53, ErbB, Janus kinase-STAT, 
TGFβ, mTOR and Wnt signaling pathways, which are known 
to be associated with leukemia (44-50). Consistent with other 
cancers (51-53), the role of leukemia-derived MVs was to 
modulate the disease progression rather than being the main 
cause of the disease itself. MVs from leukemia cells facilitate 
leukemia progression and invasion in different ways (15,54-56). 
MVs are considered to be taken up by cells through endocy-
tosis and to release their intravesicular content upon fusing 
their membrane with the endosomal membrane (52). Although 
the precise mechanisms of uptake are poorly understood, it 
is evident that release of microRNAs from the lumen of MVs 
can induce activation of specific signal transduction cascades 
and influence the physiologic state of recipient cells (52). 
MVs have an additional advantage over naturally secreted 
signaling molecules in that they can present multiple epitopes 
to the recipient cell, enabling co-stimulatory pathways to be 
activated (57).

Of the predicted targets of microRNAs co-expressed in 
MVs and their corresponding parental K562 cells, 30 were 
involved in MAPK signaling (including BCR, CBL, CCNE1, 
CCND1, CCNT2, CRK, CRK-like, E2F transcription factor 
(E2F)2, E2F3, Kirsten RAS, MAPK1, MAPK12, RAF1 and 
SOS1). The MAPK signaling pathway is a common point of 
convergence of various different mitogenic and anti-apop-
totic signal transduction pathways in hematopoietic and 
epithelial cancer cells (45). Such deregulation of the MAPK 
pathway contributes to BCR-ABL leukemogenesis (58). The 
MVs derived from leukemia cells may weaken or enhance 
the expression of mRNAs involved in the MAPK pathway 
in recipient cells, and contribute to the development of 
leukemia.
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As K562 cells presented t(9:22), several differentially regu-
lated microRNAs of K562 MVs and their parental K562 cells 
were investigated. For example, miR-27b, miR-24, miR-23b 
and miR-126* are known to be encoded by the chromo-
some 9 (59-61). In the present study, a considerable number of 
co-expressed microRNAs in MVs and K562 cells (including 
hsa-let-7a, hsa-let-7f, miR-126, miR-126*, miR-23b, miR-24, 
miR-27b and miR-7) were mapped to chromosome 9, while 
let-7b, miR-1249, miR-130b and miR-185 were mapped to 
chromosome 22. The genomic locations of various of these 
microRNAs were distant from the ABL1 and BCR gene locus 
(Fig. 5). Alterations in chromosome 9 are associated with a 
large number of diseases, particularly cancer (62). Therefore, 
there may be a link between alterations in chromosome 9 and 
differential expression of microRNAs.

In summary, the present study first identified the microRNA 
expression profile of MVs derived from K562 cells and that 
of their parental K562 cells. The fact that 104 microRNAs 
were observed to be co-expressed both in MVs and their 
parental cells suggests that MVs microRNAs may, at least in 
part, reflect the microRNA expression profile of the parental 
cells. There were numerous oncogenes, tumour suppressors 
and signaling pathway genes that were targeted by these aber-
rantly expressed MVs microRNAs, which may contribute to 
the development of hematopoietic malignancies. Therefore, 
leukemia MVs microRNAs may represent a novel way to 
intervene therapeutically for treating CML.
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