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MicroRNA-93 knockdown inhibits acute myeloid
leukemia cell growth via inactivating the PI3K/AKT
pathway by upregulating DAB2
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Abstract. Acute myeloid leukemia (AML) is associated
with a poor prognosis in elderly adults and currently lacks
optimal treatment strategies. MicroRNAs (miRNAs or miRs)
have increasingly been reported to be associated with AML
progression; however, the mechanisms of action of miR-93
in AML with the involvement of disabled 2 (DAB2) are
currently unknown. In the present study, miR-93 expression
was assessed in patients with AML and in AML cell lines. The
association between miR-93 expression and the pathological
characteristics of patients with AML was analyzed. AML cells
were then transfected to knockdown or overexpress miR-93 in
order to elucidate its function in AML progression. The target
gene of miR-93 was assessed using a dual-luciferase reporter
gene assay. The expression levels of miR-93, DAB2 and
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)
pathway-related proteins were measured and in vivo experi-
ments were conducted to confirm the results. It was observed
that miR-93 was highly expressed in patients with AML and in
AML cells. The knockdown of miR-93 in HL-60 cells inhib-
ited AML cell proliferation and resistance to apoptosis, while
the overexpression of miR-93 in THP-1 cells led to contrasting
results. Moreover, miR-93 targeted DAB2 to inactivate the
PI3K/AKT pathway, and the overexpression of DAB2 reversed
the effects of miR-93 on THP-1 cell growth. Tumor volume,
tumor weight, and the positive expression of Ki67, survivin
and p53 were increased in THP-1 cells overexpressing miR-93.
On the whole, the present study demonstrates that miR-93 is
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highly expressed in AML cells, and that the suppression of
miR-93 inhibits AML cell growth by targeting DAB2 and
inhibiting the PI3K/AKT pathway.

Introduction

Leukemia is a fatal malignancy of hematopoietic stem cells
and immature progenitors, presenting with increased leuco-
cytes in the blood and bone marrow (1,2). Acute myeloid
leukemia (AML), the most frequently diagnosed leukemia in
adults (3), includes a group of malignant clonal disorders in
the myeloid system with significant functional somatic cell
mutation and chromosome translocation (4). Immature AML
cells generally accumulate rapidly in the blood and sometimes
metastasize to lymph nodes, spleen, liver and the central
nervous system (5). Genetic diseases, ionizing radiation, ciga-
rette smoking, benzene exposure, chemotherapy, viruses and a
high gestational age at birth are positively associated with the
occurrence of AML (6,7). It is known that >50% of patients
with AML are >65 years of age and almost 30% are >75 years
of age. Older-aged patients with AML generally have poor
outcomes due to age-related factors, unfavorable cytogenetics,
relapse following complete remission and drug resistance (8).
Ample research has been performed with an aim to improve
the prognosis of patients with AML; however, the standard
treatment for most newly diagnosed AML subtypes has not
changed over the past 40 years (9). Thus, there remains an
urgent and clear need for the identification of novel AML
biomarkers and therapies, as well as personalized treatment
methods for patients with AML.

MicroRNAs (miRNAs or miRs), a class of small non-coding
RNAs, which serve as critical post-transcriptional mediators
of genes implicated in multiple fundamental processes, such
as differentiation, proliferation, apoptosis and cancer drug
resistance (10). miRNAs participate in hematopoietic cell
differentiation, and an aberrant miRNA expression contributes
to tumor progression, including leukemia (11). miR-93 belongs
to the miR-106b-25 cluster, a subgroup of the miR-17-92
cluster (12). miR-93 expression has been demonstrated to be
upregulated in patients with adult-T cell leukemia (13). The
dysregulated expression of miR-93 has been shown to enhance
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the growth of leukemia stem cells, prevent differentiation
and reduce apoptosis, thereby facilitating the progression of
leukemia (14). A previous study reported the elevated expres-
sion of miR-93 in the serum of patients with AML (15). The
detection of clinical samples from patients with AML has
revealed that miR-93 expression positively correlates with
vascular endothelial growth factor (VEGF) expression, while
VEGF promotes AML progression (16). Moreover, accumu-
lating studies have unveiled the promoting effects of miR-63
on tumor progression (15,17-19). miR-93 has been reported
to function as an effective inhibitor of disabled 2 (DAB2) in
lung cancer (20). DAB2 is a multifunctional scaffold protein
that participates in cell growth, differentiation, homeostasis,
cell-cell interaction, and platelet aggregation (21). DAB2 is a
binding protein that regulates adhesion and mitogen-activated
protein kinase activity in human chronic myeloid leukemia
cells (22). A recent study revealed that the overexpres-
sion of DAB2 interactive protein inhibited the activation of
the phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT) pathway (23). Martelli er al noted that targeting the
PI3K/AKT/mTOR pathway with small molecule inhibitors
may lead to decreased toxicity and improved the therapeutic
effects in patients with AML (24). In addition, miR-93 has
been shown to play a vital role in glioma progression via the
PI3K/AKT pathway (25).

In view of the above-mentioned information, it was thus
hypothesized speculated that miR-93, DAB?2 and the PI3K/AKT
pathway are involved in the biological process of AML progres-
sion. Therefore, the aim of the present study was to determine
the roles of miR-93, DAB2 and the PI3K/AKT pathway in AML
and their involvement in the progression of this disease.

Materials and methods

Ethics statement. The present study was approved and super-
vised by the Ethics Committee of the Third Affiliated Hospital
of Sun Yat Sen University. All subjects signed an informed
consent form. All animal experiments involving nude mice
were approved by the Laboratory Animal Ethics Committee
of the Third Affiliated Hospital of Sun Yat Sen University.
Significant efforts were made to minimize both the number of
animals and their suffering.

Study subjects. From October, 2016 to October, 2018,
28 patients with AML (16 males and 12 females, aged
19-71 years, with a median age of 46.2 years) diagnosed and
treated at the Hematology Department of Third Affiliated
Hospital of Sun Yat Sen University were enrolled in the
present study. A total of 30 patients without malignant hema-
tological diseases excluded by bone marrow examination
during the same time period were included as the control
group. All patients with AML were diagnosed according to the
examinations of Morphology, Immunology, Cytogenetics and
Molecular Biology (MICM), and were in accordance with the
Criteria for Diagnosis and Therapeutic Effect of Hematological
Diseases (3rd edition) (26). Mononuclear cells from the bone
marrow of enrolled subjects were isolated and frozen in liquid
nitrogen for future use. Mononuclear cells were isolated from
the bone marrow using the hydroxyethyl starch precipita-
tion method. Briefly, the bone marrow fluid was centrifuged

at 450 x g for 10 min at room temperature to remove plasma
and supplemented with the same volume of normal saline with
plasma and mixed well. The mixture was then mixed with
6% hydroxyethyl starch (BA740193, Precedex; Hospira; Pfizer,
Inc.) in a ratio of 1:4 and kept at room temperature for 40 min.
The supernatant was centrifuged at 450 x g for 5 min at room
temperature to obtain the cell precipitate, washed normal
saline twice, and prepared into a cell suspension.

Cells and cell culture. AML cell lines (Kasumi-1, THP-1,
and HL60, cat. nos. 3142C0001000000322, 3111C0001CCC
000057 and 3111C0001CCCO000037 respectively) purchased
from the Cell Bank of Experimental Medical Center of China
Union Medical University (Beijing, China) and the normal
bone marrow cell line (HS-5, cat. no. CRL-11882) purchased
from the American Type Culture Collection (ATCC) were
cultured in Roswell Park Memorial Institute (RPMI)-1640
medium containing 10% inactivated fetal bovine serum (FBS)
in an incubator (37°C, 5% CO,). After cultured in a conven-
tional manner, the cells in the exponential growth phase were
obtained for use in subsequent experiments. 293T cells (ATCC,
cat. no. CRL-1573) were cultured in Dulbecco's modified
Eagle's medium (DMEM) under the same conditions.

Transfection and grouping. The sequences of the recombi-
nant overexpression vector pZsGreenl-miR-93 (oe-miR-93),
interference vector pLL3.7-anti-miR-93, and their negative
control (NC) were designed by Shanghai GenePharma Co.,
Ltd. and synthesized by Invitrogen; Thermo Fisher Scientific,
Inc. Following enzyme digestion, the vectors were sequenced
by Shanghai Genechem Co., Ltd. Following amplification and
extraction, the recombinant plasmid pZsGreenl-miR-93 was
digested with restriction enzymes Kpn and BamHI overnight.
Following amplification and extraction, the recombinant
plasmid pLL3.7-anti-miR-93 was digested with restriction
enzymes Xbal and Norfl overnight. The digested products
were electrophoresed respectively. The results of electro-
phoresis following digestion were all recombinant vectors as
the digested sites of recombinant plasmids no longer existed.
The results of DNA sequencing confirmed that the target
sequence was inserted into the skeleton plasmid correctly, and
the sequence was identical with the expected sequence.

One day prior to lentivirus infection, the THP-1, HL60 and
HS-5 cells of the 3rd passage were seeded into 6-well plates
at 3x10° cells/well. When the cell confluence reached 70%, the
cells were transfected with 2.5 ug corresponding lentivirus
vectors using Lipofectamine® 3000 reagent (Thermo Fisher
Scientific, Inc.). The cells were randomly assigned to the control
group (cells were cultured routinely), oe-miR-93 or oe-NC
group (THP-1 cells of the 3rd passage were cultured with
the overexpression vector, pZsGreenl-miR-93 or its NC), and
anti-miR-93 or anti-NC group (HL60 cells of the 3rd passage
were cultured with interference vector pLL3.7-anti-miR-93 or
its NC). The medium was refreshed at 24 h following trans-
fection. Cell fluorescence was observed under a fluorescence
microscope (FSX100, Olympus Corporation) after 72 h.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Cells were seeded in 96-well plates at a density
of 5,000 cells/well in an incubator (37°C, 5% CO,). Following
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culture for 0, 24, 48 and 72 h, 20 pl of 5 mg/ml MTT solution
(Sigma-Aldrich; Merck KGaA) were added to each well with
subsequent incubation at 37°C for 4 h. Subsequently, 200 ul of
dimethyl sulfoxide were added and the cells were placed in a
vibrating apparatus for 10 min. The absorbance at 490 nm was
measured using a microplate reader (Bio-Rad 680, Bio-Rad
Laboratories, Inc.).

Ethynyl-2'-deoxyuridine (EdU) assay. A Cell-Light EAU
fluorescence detection kit (Guangzhou RiboBio Co., Ltd.) was
used to detect EdU-positive cells according to the manufac-
turer's instructions. The cells were seeded into 96-well plates
(5,000 cells/well), added with 100 ]l medium containing
50 umol/l EAU, and cultured at 37°C with 5% CO, for 2 h. The
cells were then washed with PBS 3 times and each well was
supplemented with 100 pl PBS solution containing 4% para-
formaldehyde to fix the cells at room temperature for 30 min.
Following PBS washing, each well was supplemented with
100 ul PBS solution containing 0.5% TritonX-100 to increase
membrane permeability. Following PBS washing again, each
well was added with 100 ul Apollo® staining reaction solution
(provided with the kit) and cultured at room temperature in the
dark for 30 min. The staining reaction solution was discarded
and each well was supplemented with 100 u1 DAPI (C1002,
Beyotime Institute of Biotechnology, Inc.) at room tempera-
ture in the dark for 30 min. Following PBS washing, the
staining effect was observed under fluorescence microscope
(FSX100, Olympus Corporation) and images were collected.
The images were analyzed using Olympus stream system. The
total number of nuclei (blue) and proliferating cells (red) were
counted respectively. EdU-positive cell rate=proliferating
cells/total cells x100%. The experiment was repeated three
times.

Flow cytometry. Cells were centrifuged at room temperature
and 1,000 x g for 1 min and collected following trypsin detach-
ment, and 2 ul of 1 mg/ml RNase A (prepared by deionized
water) were added at 37°C for 40 min to remove the RNA.
Cells were treated with propidium iodide (PI) staining solution
and incubated at room temperature without exposure to light
for 20 min. Finally, the cell cycle distribution was detected
using a flow cytometer (MoFloAstrios EQ, Beckman Coulter,
Inc.).

The cells were centrifuged and collected following trypsin
detachment. To each tube, 100 ul 1X Annexin binding buffer
was added to resuspend the cell precipitates. Alexa Fluor 488
Annexin V-fluorescein isothiocyanate (FITC) and 1 ul of
100 mg/ml PI staining solution were mixed and added to the
cells, followed by incubation at room temperature for 15 min
without light exposure. Apoptotic cells were measured with
a flow cytometer (MoFloAstrios EQ, Beckman Coulter, Inc.).

Hoechst 33258 staining. THP-1 and HL60 cells in exponential
phase were seeded at 1x10° cells/ml into 6-well plates on a
coverslip. Following culture at 37°C with 5% CO, for 24 h, the
cells were fixed for 10 min, and stained with Hoechst 33258
dye (Shanghai, Beyotime Biotechnology Co., Ltd.) for 5 min
in the dark. The cells were then placed on a slide covered in
an anti-fluorescence quenching agent (E675011-0005, BBI
Life Sciences Corporation). The slides were observed and

photographed using a fluorescence microscope (FSX100,
Olympus Corporation).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). TRIzol (Invitrogen; Thermo Fisher Scientific,
Inc.) was used to extract total RNA from bone marrow mono-
cytes, leukemic cell lines and normal bone marrow cells,
and the extracted high-quality RNA was examined using
ultraviolet analysis and formaldehyde denaturation electro-
phoresis. A total of 1 ug RNA was reverse transcribed into
cDNA using avian myeloblastosis virus reverse transcriptase
(M5101, Promega, Corporation). gPCR was conducted using
the SYBR-Green system (Beijing Labest Biotechnology Co.,
Ltd.) with U6 as an internal reference gene for miR-93 and
B-actin as an internal reference gene for DAB2 and other
genes. PCR primers were designed and synthesized by
Shanghai Sangon Biotechnology Co., Ltd. and are presented
in Table I. The PCR system included 1.0 ul cDNA, 10 pl 2X
SYBR-Green mix, 0.5 ul of forward primer (10 M), 0.5 ul
reverse primer (10 uM), and was supplemented into 20 ul
with RNase-free water. The PCR conditions were as follows:
Pre-denaturation at 94°C for 5 min, 40 cycles of denaturing
at 94°C for 40 sec, annealing at 60°C for 40 sec, and extension
at 72°C for 60 sec, and a final extension at 72°C for 10 min.
The products were verified by agarose gel electrophoresis. The
data were analyzed using the 2-22%4 method (27), indicating
multiple associations between the experimental group and the
control group. AACt=[Ct (target gene)-Ct (internal reference
gene)] experimental group-[Ct (target gene)-Ct (internal refer-
ence gene)] control group.

Western blot analysis. Protein was extracted from the cells and
the concentration was determined using a bicinchoninic acid
kit (Boster Biological Technology Co., Ltd.), following the
manufacturer's instructions. The extracted proteins were mixed
with loading buffer, boiled at 95°C for 10 min, loaded (each for
30 pug) and separated via 10% polyacrylamide gel electropho-
resis (Boster Biological Technology Co., Ltd.). Subsequently,
the proteins were transferred onto polyvinylidene fluoride
membranes and the membranes were incubated in 5% bovine
serum albumin (BSA) at room temperature for 1 h. Membranes
were incubated with the following primary antibodies at 4°C
overnight: p21 (1:500, ab218311), cyclin D1 (1/200, ab16663),
caspase3 (1:500, ab13847), Bax (1:1,000, ab32503), Bcl-2
(1:500, ab185002), DAB2 (2 pug/ml, ab33441), transforming
growth factor beta receptor I (TGFBR2, 1:2,000, ab186838),
integrin beta8 (ITGBS, 1 ug/ml, ab80673), cyclin-dependent
kinase (CDK) inhibitor p21 (CDKNIA, 1:500, ab102013),
B-cell translocation gene 3 (BTG3, 1:1,000, ab197399), AKT
(1:10,000, ab179463), p-AKT (1:500, ab38449), PI3K (1:1,000,
ab32089) and p-PI3K (1:500, ab182651) (all from Abcam). The
membranes were rinsed using Tris-buffered saline containing
0.05% Tween-20 (TBST) and then incubated for 1 h with the
secondary antibody (1:5,000, ZB-2301, ZSGB-Bio Co., Ltd.)
at room temperature. The membranes were then washed with
TBST and developed using a chemiluminescence reagent.
Protein bands were visualized using the Gel Doc EZ imager
(Bio-Rad Laboratories, Inc.). The target band was examined
using ImageJ software (National Institutes of Health) for gray
value analysis.
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Table I. Primer sequences used for RT-qPCR.

Genes Sequences
miR-93 F: 5'-GAAGATCTACCTTCACTGAGAGGGTGGT-3'
R: 5-CGGAATTCACCAGACCCTTTTGAACGCC-3'
U6 F: 5-CTCGCTTCGGCAGCACA-3'
R: 5'-AACGCTTCACGAATTTGCGT-3'
DAB2 F: 5" TGGACGATGTGCTCTATGCC-3'
R: 5'-GGATGGTGATGGTTTGGTAG-3'
TGFBR2 F: 5'-CCTGAGAGGAGAT GAAGTAG-3'
R: 5'-CTTAAAGTATAAGAGCCTGCA-3'
ITGB8 F: 5-CGTGACTTTCGTCTTGGATTTGG-3'
R: 5-TCCTTTCGGGGTGGATGCTAA-3'
CDKNIA F: 5'-CGATGGAACTTCGACTTTGTCA-3'
R: 5'-GCACAAGGGTACAAGACAGTG-3'
BTG3 F: 5-ATGAAGAATGAAATTGCTGCCGTTG-3'
R: 5-GTGAGGTGCTAACATGTGAGGATT-3'
[-actin F: 5-TGAGCGCGGCTACAGCTT-3'

R: 5-TCCTTAATGTCACGCACGATTT-3'

RT-qPCR, reverse transcription-quantitative polymerase chain reaction; miR-93, microRNA-93; DAB2, disabled 2; TGFBR2, transforming
growth factor beta receptor 1I; ITGBS, Integrin beta8; CDKNI1A, cyclin-dependent kinase (CDK) inhibitor p21; BTG3, B-cell translocation

gene 3; F, forward; R, reverse.

Bioinformatics analysis. The target genes of miR-93 were
predicted through TargetScan (http:/www.targetscan.
org/vert_71/) (28), miRBase (http://www.mirbase.org/) (29),
MicroRNA .org (http://www.microrna.org) (30), and PicTar
(https://pictar.mdc-berlin.de/) (31).

Dual-luciferase reporter gene assay. The DAB2 3'-untrans-
lated region (3'UTR) sequence containing the binding
site of miR-93 was synthesized and a DAB2 3'UTR
wild-type plasmid (DAB2-WT) was constructed. Based
on DAB2-WT, the DAB2 3'UTR mutant-type (MUT)
plasmid (DAB2-MUT) was constructed. The plasmids
were purchased from Promega Corporation. DAB2-WT
and DAB2-MUT plasmids were mixed with NC and
miR-93 mimics (GenePharma Co., Ltd.) respectively, and
then transfected into 293T cells using Lipofectamine®
3000. Each group was co-transfected with 800 ng recom-
binant plasmid, and the final concentration of mimics was
20 nmol/l. The cells were collected and lysed following
transfection for 48 h. Luciferase activity was measured
using a luciferase detection kit (BioVision, Inc.) using a
Glomax 20/20 luminometer (Promega Corporation). With
Renilla luciferase as the internal reference, the relative light
unit (RLU) measured by Firefly luciferase was divided by
the RLU measured by Renilla luciferase to normalize the
data of each group.

Xenograft tumors in nude mice. BALB/c male nude mice
(aged, 4-6 weeks; weighing, 16-18 g; Beijing Vital River
Laboratory Animal Technology Co., Ltd.) were raised in
a specific pathogen-free animal center. A volume of 1x10’
THP-1 cells/100 pl was subcutaneously injected into the

armpit of the right forelimb of each nude mouse. Tumor
volume was measured every 7 days according to the following
formula: V=L x W? x 0.5, where L represents the long diam-
eter of the tumor and W represents the short diameter. Tumor
growth curves were drawn. Mice were euthanized by cervical
dislocation 35 days later and tumors were peeled off along the
subcutaneous side and weighed for immunohistochemistry.

Immunostaining. For immunofluorescence, the cells were
fixed with 4% paraformaldehyde solution and treated with
Triton X-100 (Guangzhou Eskin Biotechnology Co., Ltd.).
The cells were then incubated with p-AKT (1:100, ab38513,
Abcam) antibody at 4°C overnight followed by incuba-
tion with FITC-labeled goat anti-rabbit immunoglobulin G
(IgG, 1:200, ab150077, Abcam). The cells were then stained
with 4',6-diamidino-2-phenylindole (DAPI). Briefly, the
slide was added with DAPI (1 pxg/ml, Beyotime Institute of
Biotechnology), incubated at room temperature in the dark,
and washed with PBS. The cell fluorescence and localization
were observed under an inverted fluorescence microscope
(FSX100, Olympus Corporation). The fluorescence intensity
of p-AKT was quantified using the Olympus Stream system.
For immunohistochemistry, after weighing, the tumors
were fixed in 4% paraformaldehyde for 24 h, dehydrated in
an alcohol gradient, embedded in paraffin, sectioned at 4 ym,
dewaxed with xylene and ethanol, and placed in 0.01 mol/l
citric acid buffer. Subsequently, the sections were incubated
with 3% H,0, for 15 min at 37°C, rinsed with distilled water
for 5 min, immersed in PBS for 5 min, and incubated with
primary antibodies (Ki67: 1:500, ab92742, Abcam; survivin:
1:1,000, ab76424, Abcam; p53: 1:100, ab32389, Abcam) at 4°C
overnight. The following day, the sections were incubated
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Table II. Association between miR-93 expression and the clinical characteristics of patients with AML.

miR-93 expression in AML tissues

Clinical data Low expression (n=14) High expression (n=14) v*/F-value P-value
Sex

Male 9 (64.29%) 7 (50.00%) 0.583 0.445

Female 5 (35.71%) 7 (50.00%)
Age, years; median (range) 45.5 (19-63) 45.0 (34-71) 1.341 0.897
FAB classification

MO 1(7.14%) 2 (14.29%) 5.082 0.406

M1 8 (57.14%) 3(21.43%)

M2 3(21.43%) 4 (28.57%)

M3 0 (0.00%) 2 (14.29%)

M4 1(7.14%) 2 (14.29%)

M5 1(7.14%) 1 (7.14%)

M6 0 (0.00%) 0 (0.00%) - -
WBC (x10%1); median (range) 48.13 (30.98-122.85) 85.69 (21.59-166.16) 1272 <0.001

AML, acute myeloid leukemia; miR-93, microRNA-93; FAB, French-American-British; WBC, white blood cells. Sex and FAB classification
were examined using a Chi-squared test; Age and WBC were examined using a t-test.

with the corresponding secondary antibodies (goat anti-rabbit
IgG H&L (HRP): 1:1,000, ab6721, Abcam) and placed in a
constant temperature box at 37°C for 40 min. The sections
were developed with 2,4-diaminobutyric acid, counterstained
with hematoxylin at room temperature for 1 min, differenti-
ated, washed with cold water, dehydrated and sealed. Positively
stained sections were observed and photographed under an
optical microscope (Olympus Corporation).

Statistical analysis. SPSS 21.0 (IBM Corp.) was used for data
analysis. The Kolmogorov-Smirnov test revealed that the
data were normally distributed. The data are presented as the
means =+ standard deviation, or count and percentage (categor-
ical variables). The diagnostic efficacy of miR-93 in patients
with AML was analyzed using the receiver operating char-
acteristic (ROC) curve. Correlation analysis was performed
using the Pearson's correlation coefficient. Comparisons
between 2 groups were performed using the Student's t-test
or Chi-squared test, and comparisons among multiple groups
were performed using one-way analysis of variance (ANOVA),
followed by Tukey's multiple comparisons test. P-values were
obtained using a two-tailed test, and P<0.05 was considered to
indicate a statistically significant difference.

Results

High miR-93 expression in patients with AML and AML
cells. The present study sought to investigate the asso-
ciation between miR-93 expression and AML. The results
of RT-qPCR revealed that miR-93 expression was notably
higher in bone marrow-derived monocytes from patients with
AML than in non-malignant hematological patients (P<0.05,
Fig. 1A). miR-93 expression was also upregulated in AML
cells (Kasumi-1, THP-1 and HL-60) compared to normal

bone marrow cells (HS-5) (all P<0.05). miR-93 exhibited the
highest expression in HL60 cells and the lowest in the THP-1
cells (Fig. 1B). Of the patients with AML, 14 were allocated to
the low expression group and 14 to the high expression group,
with a median value of miR-93 expression as the critical
threshold, as previously described (32). The distribution of sex,
age French-American-British (FAB) classification and white
blood cells (WBC) were analyzed. The WBC levels of patients
with a high miR-93 expression were significantly higher than
those with a low miR-93 expression (P<0.05); however, there
were no significant differences in sex, age and FAB classifica-
tion between the 2 groups (P>0.05; Table II). The diagnostic
efficacy of miR-93 in patients with AML was analyzed using
the ROC curve, and the area under the curve was 0.8143
(sensitivity, 0.6786; specificity, 0.8333), indicating that miR-93
expression was clinically significant for the diagnosis of AML
(Fig. 1C).

Construction of miR-93 lentiviral expression vector and
lentiviral interference vector. Following 72 h of transfection
with a recombinant lentivirus, the THP-1 and HL60 cells
grew well. Compared with the control group, the transfected
cells exhibited extensive green fluorescence (Fig. 2A). miR-93
expression in the THP-1 and HL60 cells following transfection
was detected by RT-qPCR. miR-93 expression was increased
in the THP-1 cells and decreased in the HL60 cells, indicating
successful transfection (all P<0.05; Fig. 2B and C).

Anti-miR-93 vector inhibits AML cell proliferation in vitro.
The proliferation of the THP-1 and HL60 cells following trans-
fection was measured by MTT assay. There was no marked
difference in THP-1 and HL60 cell proliferation between
the NC and control groups (P>0.05). Compared with the NC
cells, the proliferation of the THP-1 cells transfected with
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Figure 1. miR-93 is highly expressed in patients with AML and AML cells. (A) miR-93 expression in AML and non-malignant hematological patients
was examined by RT-qPCR. (B) miR-93 expression in AML cells (Kasumi-1, THP-1 and HL-60) and normal bone marrow cells (HS-5) was examined by
RT-qPCR. (C) Clinical significance of miR-93 expression in the diagnosis of AML was analyzed by ROC curve. Each experiment was performed 3 times,
independently. Data are presented as the means + standard deviation. Data in (A) were analyzed using a t-test, and data in (B) were analyzed by one-way
ANOVA, followed by Tukey's multiple comparisons test. ‘P<0.05 and “P<0.01, compared with HS-5 cells. miR-93, microRNA-93; AML, acute myeloid

leukemia; ROC, receiver operating characteristic.
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oe-miR-93 was markedly increased, while the proliferation
of the HL60 cells transfected with anti-miR-93 was notably
decreased (P<0.05, Fig. 3A). The DNA replication activity of
the AML cells was measured using an EdU assay. There were
no significant differences in DNA replication activity or in the
percentage of EdU-positive cells between the NC and control
groups (P>0.05). Compared with the NC group, DNA replica-
tion and the percentage of EdU-positive THP-1 cells transfected
with oe-miR-93 were markedly increased (P<0.05). However,

DNA replication and the percentage of EdU-positive HL60
cells transfected with anti-miR-93 was significantly decreased
(P<0.05, Fig. 3B). These results suggest that the overexpression
of miR-93 promotes AML cell proliferation in vitro.

Anti-miR-93 promotes AML cell cycle arrest and apoptosis.
Cell cycle distribution and apoptosis were measured by flow
cytometry. No significant differences were found in cell
cycle distribution and apoptosis between the control and NC
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groups (P>0.05). Compared with the NC cells, the propor-
tion of THP-1 cells transfected with oe-miR-93 in the GO/GI
phase was decreased and the proportion in the S phase were
increased. The proportion of HL60 cells transfected with
anti-miR-93 in the GO/G1 phase were increased and those in
the S phase were decreased (all P<0.05; Fig. 4A). Relative to
that in the NC cells, the apoptotic rate of the THP-1 cells trans-
fected with oe-miR-93 was markedly decreased, while the
apoptotic rate of the HL60 cells transfected with anti-miR-93
was markedly increased (both P<0.05; Fig. 4B). In addition,
the levels of the cycle-related proteins, p21 and cyclin DI,
and the apoptosis-related proteins, caspase3, Bax and Bcl-2,
were detected by western blot analysis. miR-93 overexpression
promoted cell cycle progression and inhibited apoptosis, while
miR-93 inhibition exerted the opposite effect (Fig. 4C).
Following Hoechst 33258 staining, cells in the control and
NC groups exhibited normal, full and clear nuclei, presenting
around or oval shape. Compared with the NC cells, the THP-1
cells transfected with oe-miR-93 exhibited slightly deformed
nuclei. However, the HL60 cells transfected with anti-miR-93
exhibited evidently deformed nuclei, unclear nucleus margins,
nucleus shrinkage or fragmentation, chromatin concentration
and aggregation, and marginalization. Under the inverted fluo-
rescence microscope, the nuclei exhibited bright blue spots, or
were enveloped by the nucleus membrane as apoptotic bodies,
showing typical morphological changes of apoptosis (Fig. 4D).

miR-93 targets DAB2. To elucidate the downstream mecha-
nisms of miR-93 in AML, data from the bioinformatics

databases, miRBase, microRNA .org, PicTar and TargetScan,
were used to predict the target genes of miR-93. Targets
related to tumor growth were DAB2, TGFBR2, ITGBS,
CDKNIA and BTG3 (Fig. 5A); of these targets, DAB2 can
affect the proliferation of leukemia cells (33). The results of
RT-qPCR and western blot analysis were employed to measure
the levels of target genes. DAB2 expression in the THP-1 cells
overexpressing miR-93 was decreased, while DAB2 expres-
sion in the HL60 cells in which miR-93 was knocked down
was significantly increased (both P<0.05; Fig. 5B and C). A
dual-luciferase reporter gene assay further indicated that
DAB?2 was a target gene of miR-93 (P<0.05; Fig. 5D). DAB2
mRNA expression and miR-93 expression in the bone marrow
mononuclear cells of 28 patients with AML were detected by
RT-qPCR. Pearson's correlation analysis revealed a negative
correlation between DAB2 mRNA and miR-93 expression
(r=-0.712, P<0.01; Fig. 5E).

DAB2 reverses the promoting effects of miR-93 overexpression
on AML cell growth. To confirm that miR-93 regulates
the growth of AML cells by targeting DAB2, the DAB2
overexpression plasmid was transfected into THP-1 cells over-
expressing miR-93. The THP-1 cells were transfected with
DAB2, and the proliferation of the THP-1 cells was detected
by MTT, EdU and colony formation assays. Compared with
the oe-miR-93 group, the proliferative ability of the THP-1
cells in the oe-miR-93 + DAB2 group was decreased (all
P<0.05), indicating that the overexpression of DAB2 inhibited
AML cell proliferation in vitro (Fig. 6A and B).
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Flow cytometry was used to assess cell cycle distribution
and the apoptotic rate. The proportion of cells in the GO/G1
phase markedly increased in the oe-miR-93 + DAB2 group,
while the proportion of cells in the S phase substantially
decreased as compared with those in the oe-miR-93 group
(P<0.05; Fig. 6C). The apoptotic rate in the oe-miR-93 + DAB2
group was significantly higher than that in the oe-miR-93 group
(Fig. 6D). In addition, the levels of the cycle-related proteins,
p21 and cyclin D1, and the apoptosis-related proteins, caspase3,
Bax, and Bcl-2, were detected by western blot analysis. It was
found that oe-miR-93 + DAB2 treatment promoted cell cycle
progression and inhibited apoptosis, whereas oe-miR-93 treat-
ment alone had the opposite effect (all P<0.05; Fig. 6E).

Hoechst 33258 staining revealed that compared with the
oe-miR-93 group, the oe-miR-93 + DAB2 group exhibited
obvious deformed nuclei, nuclear nucleus margin, nucleus
shrinkage or fragmentation, chromatin concentration
and aggregation and marginalization. Under the inverted

fluorescence microscope, the nuclei exhibited bright blue spots,
or were wrapped by the nucleus membrane into apoptotic
bodies, showing typical morphological changes of apoptosis
(P<0.05; Fig. 6F).

miR-93 promotes the activation of the PI3K/AKT pathway
by upregulating DAB2. The overexpression of the DAB2
interactive protein inhibits the activation of the PI3K/AKT
pathway (23). Targeting the PI3K/AKT/mTOR pathway with
small molecule inhibitors may lead to decreased toxicity and
therapeutic effects in AML patients (24). Thus, it was hypoth-
esized that miR-93/DAB2 regulates the PI3K/AKT pathway
to manipulate AML cell growth. Western blot analysis was
performed to determine protein levels and phosphorylation of
AKT and PI3K in each group. The levels of p-AKT and p-PI3K
were elevated in the THP-1 cells overexpressing miR-93, but
were downregulated following DAB2 overexpression. There
were no notable differences in the protein levels of AKT and
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PI3K in the HL60 cells transfected with anti-miR-93, but
the levels of p-AKT and p-PI3K were notably decreased (all
P<0.05; Fig. 7A).

The fluorescence expression of p-AKT was visualized
using an immunofluorescence assay. In contrast to the control
and NC groups, the fluorescence expression of p-AKT in
the THP-1 cells was notably increased in the oe-miR-93
group (P<0.05). Compared with the oe-miR-93 group, the
fluorescence expression of p-AKT in the oe-miR-93 + DAB2
group decreased, while the expression of p-AKT in HL60
cells transfected with anti-miR-93 was greatly decreased (all
P<0.05; Fig. 7B). The results revealed that miR-93 promoted
the activation of the PI3K/AKT pathway by targeting DAB2 to
participate in the growth of AML cells.

Anti-miR-93 inhibits xenograft tumors in vivo. THP-1 cells
overexpressing miR-93 were subcutaneously injected into
nude mice, and the tumor volume and weight were measured.
No significant differences were observed in tumor volume and
weight between the control and NC groups (P>0.05). Compared
with the control and NC groups, the injection of THP-1 cells

overexpressing miR-93 significantly increased tumor volume
and weight (P<0.05; Fig. 8A and B). Immunohistochemistry
was also employed to measure the expression of Ki67,
survivin and p53. Compared with the control and NC groups,
the numbers of Ki67-, survivin- and p53-positive THP-1
cells transfected with oe-miR-93 were notably increased (all
P<0.05; Fig. 8C). Taken together, these findings demonstrate
that miR-93 overexpression promotes tumor growth in nude
mice.

Discussion

Currently, one feasible treatment option exists for patients with
recurrent or refractory leukemia, namely allogeneic hemato-
poietic stem cell transplant, with cure rates of only ~10% using
standard chemotherapy (34). With a deeper understanding of
the pathogenesis of AML, new drugs for various operational
targets can be developed (35). miRs are involved in normal
hematopoiesis, suggesting that the dysregulation of miRs can
contribute to leukemogenesis (36). The present study assessed
the mechanisms of miR-93 and DAB2 in the biological
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processes of AML with the involvement of the PI3K/AKT  suppressed AML cell growth by negatively regulating DAB2
pathway. Consequently, it was found that the silencing miR-93  and inactivating the PI3K/AKT pathway.
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The first major result was that miR-93 expression was
upregulated in patients with AML and in AML cells. The
unfavorable role of miR-93 has been identified in other
diseases. For instance, miR-93 has been shown to be mark-
edly upregulated in nasopharyngeal carcinoma and breast
cancer (37,38). A previous study demonstrated that miR-93
upregulation was positively associated with clinicopathologic
grades, but negatively with overall survival time in patients
with gliomas (25). Meenhuis et al confirmed that miR-93 was
abundantly expressed in human and mouse hematopoietic
progenitor cells, and that its expression significantly decreased
during bone marrow differentiation (39). Convincingly,
Verboon et al stated that the miR-106b-25 cluster, to which
miR-93 belongs, was upregulated in relapsed mixed lineage
leukemia-rearranged pediatric AML (40). In the present study,
the area under the curve was 0.8143 (sensitivity, 0.6786; speci-
ficity, 0.8333), indicating that miR-93 expression had certain
clinical significance for the diagnosis of AML. Thus, the
present study investigated miR-93 expression in the patients
with AML and the authors aim to perform further studies in
the future on this matter as well.

Transfection with anti-miR-93 vectors inhibited AML cell
proliferation, resistance to apoptosis and tumor growth. In
line with the results of the present study, the downregulation
of miR-93 has been shown to effectively attenuate the prolif-
eration, migration and metastasis of A549, H1975 and H1299
cells (41). Another study revealed that the inhibition of miR-93
suppressed hepatocellular carcinoma cell proliferation and
migratory ability (42). In addition, the knockdown of miR-93
has been shown to suppress gastric tumor growth in vivo (43).

Cancer-derived miR-93 knockout inhibits leukemia devel-
opment by reducing the number of stem cells, inhibiting
cell proliferation, and promoting cell differentiation and
apoptosis (14), which is consistent with the present findings.
Moreover, a previous study demonstrated that AML-derived
mesenchymal stem cells exhibited a low miR-93 expression,
which could promote the production of antioxidant metabolites
to protect cells from oxidative stress injury in the leukemia
microenvironment (44).

Furthermore, the data of the present study support the
hypothesis that miR-93 targets DAB2 and that the overexpres-
sion of DAB2 inhibits AML cell proliferation and facilitates
apoptosis. miR-93 has previously been reported as an effec-
tive inhibitor of DAB2 expression, and the overexpression of
miR-93 is associated with the lower expression of DAB2 in
lung cancer (20). The tumor suppressor gene, DAB2, exerts
potent inhibitory functions in the growth of solid tumor
cells and regulates the AKT pathway (45). Dynamic DAB2
expression in vascular and microglial progenitor cells strongly
indicates that DAB2 is implicated in the development of
bone marrow cells (46). The decreased expression of DAB2
in patients with leukemia is related to the aggravation of the
disease (33). As previously described, the restoration of DAB2
interactive proteins prevents the proliferation, colony-forming
ability, migration, subcutaneous tumor growth and pulmonary
metastasis of nasopharyngeal carcinoma cells by inactivating
the PI3K/AKT pathway (23). Additionally, the present study
verified that anti-miR-93 inactivated the PI3K/AKT pathway
by targeting DAB2. A previous study revealed that PI3K
activity regulates the proliferation and apoptosis of erythroid
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progenitor cells, and that the PI3K/AKT pathway is activated
in 50% of AML cases (47). The downregulation of miR-93
reduces the levels of p-PI3K and p-AKT, thus inactivating
the PI3K/AKT pathway in nasopharyngeal carcinoma (38).
Similarly, miR-22 overexpression promotes chronic lympho-
cytic leukemia progression by activating the PI3K/AKT
pathway (48).

In conclusion, the present study demonstrates that the inhi-
bition of miR-93 suppresses AML cell growth by negatively
regulating DAB2 and inactivating the PI3K/AKT pathway.
These results are promising in the prospect of promoting
future individualized treatments for patients with AML.
Although the current findings provide therapeutic implications
for the treatment of AML, the experimental results and their
translation into the effective application in clinical practice
warrant further in-depth investigations. The authors aim to
focus on the effects and mechanism of AML cell differentia-
tion in future research and to improve the experimental design
to explore the mechanisms of oe-miR-93 and anti-miR-93
in experimental cell lines. The authors also aim to further
investigate the effects of miR-93 expression on the prognosis
of patients with AML in future experiments, as well as to use
core blood cells for experiments, analyze mature myeloid
markers, and conduct animal experiments in an intravenous
manner. However, it is hoped that the findings of the present
study may aid future research on AML.
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