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miRNA-301a induces apoptosis of chronic myelogenous leukemia
cells by directly targeting TIMP2/ERK1/2 and AKT pathways
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Abstract. We investigated the biological functions and mech-
anism of miRNA-301a on apoptosis in chronic myelogenous
leukemia (CML). The expression of miRNA-301ain patient with
CML cells was higher than the expression of normal patients.
Overall survival (OS) of chronic granulocytic leukemia cell
patient with low miRNA-301 expression was superior to that
of CML patient with high miRNA-301 expression. Moreover,
the upregulation of miRNA-301a increased cell proliferation,
inhibited apoptosis and caspase-3 and -9 activity of K562
cells. Next, the upregulation of miRNA-301a suppressed Bax/
Bcl-2 rate and TIMP?2 protein expression, increased phosphor-
ylation-ERK1/2 and decreased phosphorylation-AKT protein
expression of K562 cells. Furthermore, si-TIMP2 expression
enhanced the upregulation of miRNA-301a on the promotion
of cell proliferation, inhibition of apoptosis and caspase-3
and -9 activity, suppression of Bax/Bcl-2 rate, increasing
phosphorylation-ERK1/2 and decreasing phosphorylation-
AKT protein expression of K562 cells. Taken together, our
results clearly suggested that miRNA-301a induces apoptosis
of CML cells by directly targeting the TIMP2/ERK1/2 and
AKT pathways.

Introduction

Chronic myelogenous leukemia (CML) is one of the common
types of chronic leukemia in China that occurs in all age
groups (1). Though the traditional therapeutic drugs such as
hydroxycarbamide and interferon can improve the symp-
toms in patients within a certain period, they can neither
cure this disease, nor block the disease progression (2). An
overwhelming majority of patients will enter the acceleration
phase or the blastic phase after a period of chronic phase, and
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finally die of complications such as hematopoietic failure or
infection. The fusion gene bcr/abl is the genetic and molecular
biological feature of CML, and its product Ber/Abl kinase is
the key factor of pathogenesis. Since Bcr/Abl kinase possesses
strong tyrosine kinase activity, the tyrosine kinase inhibitors
(TKIs) such as imatinib serve as the first-line therapeutic drugs
for leukemia applied in clinic (3). It is found during treatment
that imatinib shows excellent therapeutic effect on the chronic
phase of CML; however, resistance occurs in some patients.
As demonstrated in research, Bcr/Abl kinase can activate
multiple intracellular signaling pathways, for instance, Ras/
MAPK, Jun/STATS5 and PI3K/Akt/mTOR, and thus influence
the cell cycle distribution and cell apoptosis, leading to the
genesis of CML.

MicroRNA (miRNA) is a type of single stranded non-
coding microRNA that is ~20 nt in length, and it mainly
exerts its posttranscriptional regulatory function through
degrading its target gene or inhibiting its translation by
complete or incomplete pairing with the target gene 3'-UTR
(4). In-depth research on the mechanisms of the production
and precise action of miRNA demonstrated that miRNA
plays significant roles in the development regulation, differ-
entiation, proliferation, cell apoptosis and metabolism (5).
The disordered expression of miRNA may participate in
the genesis and development of a tumor, including some
hematological tumors. Because miRNA can directly regu-
late the expression of some oncogenes or tumor suppressor
genes after transcription, it can exert functions that are
similar to tumor suppressor genes or oncogenes in the body;
for instance, miR-424 can induce apoptosis by targeting
oncogene BCL-2; while miR-21 negatively regulates the
expression of the tumor suppressor gene PTEN and promotes
cell proliferation and invasion (5,6).

Matrix metalloproteinase-2 and -9 (MMP-2 and MMP-9)
have the important function of hydrolyzing gelatin, type I,
IV, V, VII and X collagens as well as elastin (7). Their corre-
sponding tissue inhibitors of metalloproteinase (TIMP) are
TIMP-2 and TIMP-1, respectively (8). It has been reported that
many solid tumors, such as human breast cancer, endometrial
cancer, brain tumor, colorectal cancer and pancreatic cancer,
are associated with high gelatinase expression (9). A recent
study indicated that TIMP-2 is closely related to the genesis
and development of hematological tumor diseases, such as
leukemia and myelodysplastic syndrome (10).
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The common biological feature of a tumor is the uncon-
trolled growth, the major molecular mechanism of which is
the inhibited cell malignant proliferation and apoptosis (11).
The multiple pathological mechanisms that are involved in
the transformation, proliferation and apoptosis of malig-
nant tumors are correlated with the regulation of signaling
pathways, among which, RaS/Raf/ERK signal transduction
cascade pathway is one of the important pathways. The extra-
cellular signal-regulated kinase (ERK) is a subgroup of the
mitogen actived protein kinase (MAPK) family, which can
be divided into ERKI] and ERK?2 and is generally termed as
ERKI1/2 (11). ERKI1/2 takes part in cell proliferation, differ-
entiation, transformation and apoptosis after being activated
by numerous growth factors and cytokines. Recent research
suggests that the excessively activated ERKI/2 is related to
the genesis of the tumor (11). ERK is associated with the
abnormal expression or enhanced activity in multiple tumor
tissues as well as tumor cell lines, such as liver cancer,
breast cancer, oral squamous cell carcinoma and prostate
cancer (12).

Tumor is a common malignancy, however, the patho-
genesis is still unclear (13). With the increasing in-depth
research on tumors, more and more signaling pathways
that play important regulatory effects on the growth and
development of organism are proved to be correlated with
tumors, among which there are PI3K/Akt signaling pathway,
JAK/STAT signaling pathway, MAPK signaling pathway
and Wnt/Notch signaling pathway (14). PI3K/Akt signaling
pathway is the most extensively studied, it plays an impor-
tant role in the development of leukemia (15). Numerous
studies have demonstrated that EpsS, which participates in
EGFR signaling pathway, Rac signaling pathway, PI3K/Akt
signaling pathway and mitosis signaling pathway, also plays
an important role in the cell cycle and apoptosis (16). The
purpose of this study was to investigate the cancer mediation
effect of miRNA-301a on apoptosis of CML and its possible
mechanism.

Materials and methods

Ethics statement. Bone marrow and peripheral blood
samples were evaluated from 42 CML patients and 8 normal
volunteer at Department of Hematology, The First Affiliated
Hospital of Nanchang University from 2012, September to
2012, December. All patients and volunteer were obtained
from the clinical trials and biomedical ethics special
committee of The First Affiliated Hospital of Nanchang
University. Every two months, we made a followed-up of
the patients.

Quantitative real-time PCR. Total RNA was extracted from
CML patients or normal volunteer samples or cell lines using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA
(1 ug) was synthesized into complementary DNA (cDNA)
using reverse transcriptase (Epicentre, Madison, WI, USA). A
SYBR Green PCR kit (Takara, Dalian, China) was used in
quantitative real-time PCR. The primers for miR-301a were:
forward, 5'-GGCAGTGCAATAGTATTGT-3' and reverse,
5'"TGGTGTCGTGGAGTCG-3". The relative miR-301a
expression level was determined by using the 24T method.
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Cells and reagents. The K562 cells were cultured in RPMI-1640
(Hyclone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (Gibco, Grand Island, NY, USA) in an incubator
maintained at 37°C in an atmosphere containing 5% CO,.

Plasmids transfection. miRNA-301a, si-TIMP2 and negative
plasmids were purchased from Genechem (Shanghai, China).
K562 cells were transfected using Lipofectamine 2000 trans-
fection reagent (Invitrogen).

Cytotoxicity assay. The K562 cells were seeded in 96-well
plates at 1x10° cells per well, and 20 pl 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT) solution (5 mg/
ml) was added to each well and incubated at 37°C for 4 h. After
removing the medium, 100 pl of DMSO (Sigma) was added to
solubilize the crystals and the absorbance was measured using
scanning multiwell spectrophotometer (Model 550, Bio-Rad,
Hercules, CA, USA) at 450 nm.

Flow cytometric analysis. The K562 cells were seeded in
6-well plates at 2x10° cells per well and washed twice with
phosphate-buffered saline (PBS). K562 cells were incubated
with Annexin V-FITC and PI (BD Biosciences) for 15 min in
the dark. Apoptosis rate was analyzed using FACScan flow
cytometry and CellQuest analysis software (BD Biosciences,
Franklin Lakes, NJ, USA).

Western blotting. The K562 cells were seeded in 6-well plates
at 2x10° cells per well and washed twice with PBS. Cells were
lysed using RIPA buffer containing a protease and phospha-
tase inhibitor mixture (Roche). Total protein was quantified
with the BioRad Dc protein assay kit (Bio-Rad, Richmond,
CA, USA). Protein was loaded onto 6-10% sodium and
electro-transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). Membranes were incubated
with the primary antibody anti-Bax, anti-Bcl-2, anti-TIMP2,
anti-phosphorylation-ERK1/2, anti-phosphorylation-AKT and
GAPDH overnight at 4°C, followed by incubation with the
anti-rabbit secondary antibody for 1 h at room temperature.
Bands were detected by enhanced chemiluminescence (ECL)
detection system (Bio-Rad Laboratories).

Statistical analysis. The results are reported as means +
standard deviation (SD). Student's t-test, one-way analysis of
variance (ANOVA) and the Dunnett-test were used to assess
statistical significance. Values of p<0.05 were considered
statistically significant.

Results

The expression of miRNA-301a in patient with CML. To
explore the expression level of miR-301a in CML patients,
we performed quantitative real-time PCR on miRNA-301a
expression. Interestingly, we found that miR-301a expression
level of CML patients were lower than that of the normal

group (Fig. 1).

Overall survival (OS) of patient with CML. We followed up the
patient with CML and analyzed the OS of patient with CML
and miRNA-301a expression. As shown in Fig. 2, OS of CML



ONCOLOGY REPORTS 37: 945-952, 2017

1.2¢

expression level

The relative of miR-301a

CML

Normal

Figure 1. The expression of miRNA-301a in patient with CML. "p<0.01
versus the negative group.
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Figure 2. Overall survival (OS) of patient with CML.

patient with high miRNA-301a expression was superior to that
of CML patient with low miRNA-301a expression.

Upregulation of miRNA-301a affects cell proliferation of
K562 cells. The upregulation of miRNA-301a on cell prolifer-
ation of K562 cells was investigated using MTT assay. Fig. 3A
shows that miRNA-301a plasmids significantly increased
miRNA-301a expression in K562 cells, compared with the
negative control group. Then, we found that miRNA-301a
upregulation significantly accelerated cell proliferation
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Figure 4. Upregulation of miRNA-301la on apoptosis of K562 cells.
miRNA-301a-neg, negative group; miRNA-301a, miRNA-30la group.
#p<0.01 versus the negative group.

of K562 cells, compared with the negative control group
(Fig. 3B).

Upregulation of miRNA-301a affects apoptosis of K562 cells.
To evaluate whether the upregulation of miRNA-301a affect
apoptosis of K562 cells, apoptosis was investigated using
western blotting. Apoptosis of K562 cells was reduced by
upregulation of miRNA-301a expression, compared with nega-
tive control group (Fig. 4).

Upregulation of miRNA-301a affects caspase-3 and -9 activity
of K562 cells. The effect of miRNA-301a upregulation on
caspase-3 and -9 activity of K562 cells, was measured using
ELISA kits. As shown in Fig. 5, upregulation of miRNA-301a
significantly decreased caspase-3 and -9 activity of K562 cells,
compared with negative control group.

Upregulation of miRNA-301a affects Bax/Bcl-2 rate of
K562 cells. We observed the upregulation of miRNA-301a
on Bax/Bcl-2 rate of K562 cells. We found that the upregu-
lation of miRNA-301a significantly suppressed Bax/Bcl-2
rate of K562 cells, compared with negative control group
(Fig. 6).

Upregulation of miRNA-301a affects TIMP2 protein expres-
sion of K562 cells. To evaluate whether the upregulation of
miRNA-301a affects TIMP2 protein expression of K562 cells,
western blotting was performed to examine the level of TIMP2
protein of K562 cells with upregulation of miRNA-301a.
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Figure 3. Upregulation of miRNA-301a on cell proliferation of K562 cells. Upregulation of miRNA-301a on miRNA-301a expression (A) and cell prolifera-
tion (B) of K562 cells. miRNA-301a-neg, negative group; miRNA-301a, miRNA-301a group. #p<0.01 versus the negative group.
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Figure 5. Upregulation of miRNA-301a on caspase-3 and -9 activity of K562 cells. Upregulation of miRNA-301a on caspase-3 (A) and caspase-9 (B) activity
of K562 cells. miRNA-301a-neg, negative group; miRNA-301a, miRNA-301a group. #p<0.01 versus the negative group.
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Figure 6. Upregulation of miRNA-301a on Bax/Bcl-2 rate of K562 cells. Upregulation of miRNA-301a on Bax/Bcl-2 protein expression using western blot
analysis (A) and statistical analysis (B) of K562 cells. miRNA-301a-neg, negative group; miRNA-301a, miRNA-301a group. #’p<0.01 versus the negative group.
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Figure 7. Upregulation of miRNA-301a on TIMP2, Akt and ERK protein expression of K562 cells. Upregulation of miRNA-301a on TIMP2, p-Akt and p-ERK
protein expression using western blot analysis (A) and statistical analysis (B-D) of K562 cells. miRNA-301a-neg, negative group; miRNA-301a, miRNA-301a
group. "p<0.01 versus the negative group.
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Figure 8. Downregulation of TIMP2 expression influences the effect of miRNA-301a on TIMP2, Akt and ERK protein expression of K562 cells. Downregulation
of TIMP2 expression influenced the effect of miRNA-301a on TIMP2, p-Akt and p-ERK protein expression was by western blot analysis (A) and statistical
analysis (B-D) of K562 cells. miRNA-301a-neg, negative group; miRNA-301a, miRNA-301a group; miRNA-301a si-TIMP2, miRNA-301a si-TIMP2 group.

"p<0.01 versus the negative group. “p<0.01 versus the miRNA-301a group.

TIMP2 protein expression of K562 cells was significantly
decreased by upregulation of miRNA-301a, compared with
negative control group (Fig. 7A and B).

Upregulation of miRNA-301a affect on Akt protein expres-
sion of K562 cells. Akt is an anti-apoptotic protein, we
inspected p-Akt protein expression of K562 cells after
miRNA-301a transfection. As shown in Fig. 7A and C,
upregulation of miRNA-301a significantly suppressed p-Akt
protein expression of K562 cells, compared with negative
control group.

Upregulation of miRNA-30la on ERK protein expression
of K562 cells. We elucidated whether the upregulation of
miRNA-301a affects the mechanism apoptosis of K562 cells,
p-ERK protein expression was detected using western blot-
ting. The results of western blotting showed that upregulation
of miRNA-301a significantly advanced p-ERK protein expres-
sion of K562 cells, compared with negative control group
(Fig. 7A and D).

Downregulation of TIMP2 expression influences the effect
of miRNA-301a on TIMP?2 protein expression of K562 cells.
We explored the TIMP2 expression of miRNA-301a on cell
growth of CML, and transfected si-TIMP2 into K562 cells.
As shown in Fig. 8A and B, si-TIMP?2 effectively suppressed
the TIMP2 protein expression of K562 cells, compared with
upregulation of miRNA-301a expression in K562 cells.

Downregulation of TIMP2 expression influences the effect
of miRNA-301a on cell proliferation and cell apoptosis of
K562 cells. We further examined downregulation of TIMP2
expression of miRNA-301a on cell proliferation and cell
apoptosis of K562 cells. We found that the downregulation
of TIMP2 expression effectively increased cell proliferation
and inhibited cell apoptosis of K562 cell transfection with
upregulation of miRNA-301a, compared with upregulation of
miRNA-301a expression in K562 cells (Fig. 9).

Downregulation of TIMP2 expression influences the effect of
miRNA-301a on caspase-3 and -9 activity of K562 cells. We
transfected K562 cells with si-TIMP2 and determine caspase-3
and -9 activity of K562 cells with upregulation of miRNA-301a.
Results from ELISA assay showed that downregulation of
TIMP?2 expression inhibited caspase-3 and -9 activity of K562
cells with upregulation of miRNA-301a, compared with upreg-
ulation of miRNA-301a expression in K562 cells (Fig. 10).

Downregulation of TIMP?2 expression influences the effect
of miRNA-301a on Bax/Bcl-2 rate of K562 cells. To deter-
mine whether TIMP2 would affect K562 cell apoptosis with
upregulation of miRNA-301a, Western blotting was performed
to analyze the protein expression of Bax and Bcl-2 as shown in
Fig. 11. The protein expression of Bax/Bcl-2 rate was signifi-
cantly decreased by downregulation of TIMP2 in K562 cells
with upregulation of miRNA-301a, compared with upregula-
tion of miRNA-301a expression in K562 cells.
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Figure 9. Downregulation of TIMP2 expression influences the effect of miRNA-301a on cell proliferation and apoptosis of K562 cells. Downregulation of TIMP2
expression influenced the effect of miRNA-301a on cell proliferation (A) and apoptosis (B) of K562 cells. miRNA-301a-neg, negative group; miRNA-301a,
miRNA-301a group; miRNA-301a si-TIMP2, miRNA-301a si-TIMP2 group. *p<0.01 versus the negative group. “p<0.01 versus the miRNA-301a group.
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Figure 10. Downregulation of TIMP2 expression influences the effect of miRNA-301a on caspase-3 and -9 activity of K562 cells. Downregulation of TIMP2
expression influenced the effect of miRNA-301a on caspase-3 (A) and caspase-9 (B) activity of K562 cells. miRNA-301a-neg, negative group; miRNA-301a,
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Figure 11. Downregulation of TIMP2 expression influences the effect of miRNA-301a on Bax/Bcl-2 rate of K562 cells. Downregulation of TIMP2 expression
influenced the effect of miRNA-301a on Bax/Bcl-2 using western blot analysis (A) and statistical analysis (B) of K562 cells. miRNA-301a-neg, negative
group; miRNA-301a, miRNA-301a group; miRNA-301a si-TIMP2, miRNA-301a si-TIMP2 group. #p<0.01 versus the negative group. “p<0.01 versus the

miRNA-301a group.

Downregulation of TIMP2 expression influences the effect
of miRNA-301a on Akt protein expression of K562 cells. The
TIMP2-mediated signaling was examined to elucidate the Akt
activation of K562 cells with upregulation of miRNA-301a.
After miRNA-301a transfection, the downregulation of TIMP2
expression significantly suppressed p-Akt protein expression
of K562 cells with upregulation of miRNA-301a, compared
with upregulation of miRNA-301a expression in K562 cells
(Fig. 8A and C).

Downregulation of TIMP2 expression influences the effect of
miRNA-301a on ERK protein expression of K562 cells. We
further elucidate whether downregulation of TIMP2 expres-
sion influenced the effect of miRNA-301a on ERK protein
expression of K562 cells. As shown in Fig. 8A and D, after

miRNA-301a transfection, the downregulation of TIMP2
expression significantly enhanced p-ERK protein expression
of K562 cells with upregulation of miRNA-301a, compared
with upregulation of miRNA-301a expression in K562 cells.

Discussion

CML is a common hematological malignant tumor, the
morbidity of which accounts for ~20% among all types of
leukemia, with an annual rate of 10/1,000,000 people affected
worldwide (17). Ph chromosome can be detected in CML
patients, and the resulting ber-abl fusion gene encoded P210
Bcer-Abl protein possesses strong tyrosine kinase activity,
which results in the phosphorylation of the protein itself, as
well as many important substrate molecule tyrosine residues,
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influencing multiple intracellular signal transduction pathways
such as RassMAPK, PI3K/Akt and JAK/STAT, inducing the
malignant transformation of the hematopoietic cells, enhancing
the ability of cells to repair DNA injury, inhibiting apoptosis,
and mediating resistance of CML to multiple cytotoxic anti-
tumor drugs (18,19). We concluded that miR-301a expression
level of CML patients were lower than that of normal group.
Yue et al revealed that miR-301a promoted invasion of glioma
cells through Wnt/p-catenin pathway (20).

The genesis and development of leukemia is an extremely
complicated process, which involves genetic and epigenetic
changes (4). Upregulated or downregulated expression of
miRNA can be detected in various leukemia types, such as
CML, chronic lymphocytic leukemia, CML and acute myeloid
leukemia (AML) (21). In CML, the changes in miRNA expres-
sion render changes of the living environment of the tumor
cells, thus accelerating malignant transformation such as
tumor cell proliferation, apoptosis escaping, angiogenesis and
invasion (21,22). Our results demonstrated that the upregula-
tion of miRNA-301a increased cell proliferation, inhibited
apoptosis, caspase-3 and -9 activity, and suppressed Bax/Bcl-2
rate of K562 cells.

MMP-2 exists in the form of zymogen, and the ternary
theory is widely accepted at present in terms of its activation,
which means that the MMP-14 on the cell membrane binds
with TIMP-2 to form the compound, and then TIMP-2 will
bind with MMP-2 to form the ternary compound, which
renders the easier junction between MMP-2 and another
adjacent active MMP-14 in space; moreover, MMP-2 is also
activated, thus forming the active form (2). The results demon-
strate that there is no expression of MMP-2 and MMP-14 in
the normal adult bone marrow mononuclear cells, but some-
expression of TIMP-2; all the bone marrow mononuclear cells
in CML patients express TIMP-2, and 90% express MMP-2
and MMP-14 (23). Considering that the chronic phase in
CML patients is under the self-balanced status relative to the
acute leukemia, while TIMP-2 may be an influencing factor
for inhibiting disease progression, the loss of balance may
result in the disability to inhibit MMP-2, the excessive expres-
sion leads to disease progression (24). Here, we showed that
upregulation of miRNA-301a significantly decreased TIMP2
protein expression of K562 cells. Liang et al reported that
miR-301a promotes cell proliferation by directly targeting
TIMP2 in multiple myeloma (25). These findings suggest
that miRNA-301a may function as a novel oncogene in CML
contributing to tumor progression of CML.

P210Bcr-Abl fusion protein induces the phosphorylation
of the tyrosine in multiple intracellular signaling molecules
through its high tyrosine kinase activity, thus activating
multiple signaling pathways such as Ras/sMAPK, PI3K/Akt
and JAK/STAT, the activation of these signaling molecules
is the molecular basis of the anti-apoptosis of Bcr-Abl (26).
The signaling pathway activation downstream of Bcr-Abl also
participates in the formation of the resistance to imatinib.
CRKL protein is the adaptor protein during the intracellular
signal transduction process, which participates in signal trans-
duction pathways like RassMAPK JAK/STAT PI3K as well as
B1 integrin-mediated signal transduction pathway (27). CRKL
gene is abundantly expressed in hematopoietic cells, while in
normal hematopoietic cells, CRKL protein exists in the form

951

of non-phosphorylated tyrosine. PI3K/Akt and MAPK/ERK
are the two important pathways downstream of Bcr/Abl (28).
The chronic phase and blastic phase of CML as well as the
CML-derived K562 cell lines are associated with the constitu-
tive activation of the ERK and Akt kinase (29). The application
of imatinib in K562 cells can inhibit the activity of the ERK
and Akt kinase, and induce cell apoptosis through activating
caspase-3. However, in some primary leukemia cells in the
CML blastic phase, inhibiting the activity of the ERK and Akt
kinase can induce caspase-3 mediated apoptosis, giving rise to
the occurrence of resistance (30). In this study, we observed
that upregulation of miRNA-301a significantly increased
phosphorylation-ERK1/2 and decreased phosphorylation-
AKT protein expression of K562 cell. These results indicate
that ERK1/2 and AKT pathways affected miRNA-301a in
CML.

Taken together, we demonstrated for the first time that
miRNA-301a is significantly upregulated in CML. Moreover,
miRNA-301a promotes cell proliferation and inhibits apop-
tosis of CML by direct targeting TIMP2. These results suggest
that miRNA-301a may play as an oncogene in CML and might
provide helpful therapeutic strategies for CML in clinical
application.
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