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PDCD6 mRNA was significantly associated with French–
American–British classification subtype M7 (P  =  0.01) 
and unfavorable karyotypes (P = 0.006). Further multivari-
ate analysis identified the combination of serum miR-183 
and PDCD6 levels as an independent prognostic factor for 
both relapse-free and overall survivals. Functionally, re-
introduction of PDCD6 markedly reversed the effects of 
miR-183 in cell cycle, proliferation and apoptosis of two 
leukemia cell lines.
Conclusion  Combined serum miR-183 and PDCD6 mRNA 
may serve as a novel prognostic biomarker for pediatric 
AML. Interestingly, miR-183 may function as an oncogene 
and may enhance cell proliferation by targeting PDCD6, 
implying a potential therapeutic target for this malignancy.

Keywords  Pediatric acute myeloid leukemia · 
microRNA-183 · Programmed cell death 6 · Prognosis · 
Proliferation

Introduction

Acute myeloid leukemia (AML), a heterogeneous group 
of leukemias, is characterized by abnormal proliferation 
of myeloid progenitor cells, leading to the insufficient gen-
eration of normal mature blood cells (Rubnitz et al. 2008). 
This clonal disease is caused by malignant transforma-
tion of a bone-marrow-derived, self-renewing stem cell or 
myeloid progenitor, which usually has a reduced rate of 
apoptosis as well as aberrant and limited, differentiation 
capacity (Ziai et  al. 2015). Statistically, AML contributes 
to 15–20 % of acute leukemia cases in childhood and ado-
lescents and also represents approximately 30 % of cancer-
related deaths in this age range (Dewan and Agarwal 2015). 
Growing evidence shows that the clinical outcome of 
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patients with pediatric AML may often vary by host factors 
such as age at diagnosis, gender, race–ethnicity, body mass 
index, genetic polymorphism, socioeconomic status, phe-
notypes, cytogenetics, morphology, white blood cell counts 
and response to therapy (Forthun et  al. 2016). During the 
past decades, accumulating great advances have been per-
formed to enhance the diagnostic and therapeutic strategies 
and to improve the clinical outcome of patients with pedi-
atric AML. However, the diagnosis of this disease remains 
according to the onset of symptoms, which may often pro-
gress to be apparent at advanced stages (Huang et al. 2015). 
Therefore, it is of great clinical significance to identify 
novel biomarkers in patients’ sera and to develop less inva-
sive and cheaper diagnostic and prognostic approaches and 
to uncover efficient therapeutic targets of this malignancy.

MicroRNAs (miRNAs), a group of small (about 18–25 
nucleotides in length), noncoding, endogenous, functional 
RNAs exert the functions via regulating the expression of 
the corresponding target mRNAs at a posttranscriptional 
level (Yan et al. 2015). MiRNAs are incorporated into the 
RNA-induced silencing complex and bind to the 3’-untrans-
lated region (UTR) of mRNA sequences with imperfect 
complementarity (Danen-van Oorschot et al. 2012). Func-
tionally, miRNAs play multiple roles in cell development, 
differentiation, growth, survival, apoptosis, migration and 
invasion (Ma et al. 2016). Accumulating studies have also 
revealed that the alterations of miRNAs often lead to vari-
ous human diseases, including cancers. MiR-183, together 
with miR-96 and miR-182, belongs to the miR-183 fam-
ily, which has high homogeneity and is clustered within 
2–4 kb at chromosome 7q32 (Dambal et al. 2015). Recent 
studies have observed the aberrant expression of miRNAs 
from this locus in various cancer types, including leuke-
mia, breast cancer, liver cancer and colorectal cancer (Liu 
et al. 2013; Li et al. 2014; Leung et al. 2015; Huangfu et al. 
2016). Among them, miR-183 has been revealed to func-
tion as either an oncogene or a tumor suppressor in diverse 
human cancers by regulating different target genes (Zhang 
et al. 2013). However, its function and underlying mecha-
nisms in this malignancy remain unclear.

To address this problem, we here firstly detected the 
expression levels of miR-183 in bone marrow and patients’ 
sera of childhood AML by real-time quantitative PCR. 
Then, we evaluated the regulatory effects of miR-183 in 
cell cycle, proliferation and apoptosis of two leukemia cell 
lines (HL60 and K562) following the transfection of miR-
183 mimics and inhibitors. In addition, putative targets of 
miR-183 were predicted using three miRNA target predic-
tion algorithms (miRanda, TargetScan and miRWalk) and 
validated by luciferase reporter assay. Furthermore, the 
clinical relevance and functions of miR-183 and its target 
gene were also determined.

Materials and methods

Cell lines and culture

Two human leukemia cell lines HL60 and K562 were pur-
chased from American Type Culture Collection (ATCC, 
Manassas, VA, USA) and were cultured in RPMI-1640 
medium (Invitrogen, Carlsbad, CA, USA) supplemented 
with 10 % fetal bovine serum. Cells were cultured at 37 °C 
with 5.0 % CO2 for further use.

Patients and tissue samples

In this study, we used the same patient cohort with our pre-
vious studies (Wang et al. 2013; Bai et al. 2012). Our study 
was approved by Huai’an First People’s Hospital Ethics 
Committee. Prior informed consent was obtained from the 
patients for the collection of specimens in accordance with 
the guidelines of Huai’an First People’s Hospital, China. 
All specimens were handled and made anonymous accord-
ing to the ethical and legal standards. Please see detail 
information on patients and tissue samples in supplemen-
tary file S1. The clinical characteristics of 106 patients with 
AML are summarized in Table 1.

Cell transfection

The transfection of human leukemia cells with miR-183/
control mimic (miR-183/NC_mimics, Applied Biosys-
tems, CA, USA), miR-183/control inhibitor (miR-183/NC_
inhibitor, Applied Biosystems, CA, USA) and pcDNA3.1-
PDCD6 expression vector (en-PDCD6, Invitrogen, 
Carlsbad, CA, USA) by Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) according to the user’s instruction. 
At 48 h after transfection, cells were harvested for Western 
blot or real-time quantitative RT-PCR analyses.

Western blot analysis

Proteins were extracted from leukemia cells after the trans-
fection using radio-immunoprecipitation assay buffer. The 
cell lysates were separated by 10 % SDS-PAGE and trans-
ferred onto polyvinylidene difluoride membranes (Qiagen 
China Co., Ltd.). Then, the membranes were incubated 
with the primary antibodies: anti-PDCD6 (dilution 1:500, 
Abcam Inc, MA, USA) and anti-GAPDH (dilution 1:1000, 
Abcam Inc, MA, USA), after blocking with 8  % milk in 
phosphate-buffered saline (PBS; pH 7.5). In addition, the 
membranes were incubated with the appropriate horserad-
ish peroxidase-conjugated secondary antibodies (dilution 
1:1000, Abcam Inc, MA, USA) after the incubation at 4 °C 
overnight. Finally, protein bands were detected by using an 
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enhanced chemiluminescence system (Amersham Biosci-
ence, Piscataway, NJ).

Real‑time quantitative RT‑PCR

Expression levels of miR-183 and PDCD6 mRNA in AML 
patients’ sera and cells were detected by real-time quan-
titative RT-PCR according to the protocols described in 
our previous studies (Wang et  al. 2013; Bai et  al. 2012). 
RNU6B and GAPDH were, respectively, used as inter-
nal reference genes for miR-183 and PDCD6. The primer 
sequences were as following: for miR-183: forward 5′-CTA 
TGG CAC TGG TAG AAT TCA CT-3′, reverse 5′-TCG 
TAT CCA GTG CAG GGT C-3′; for RNU6B: forward 
5′-CGC TTC GGC AGC ACA TAT AC-3′, reverse 5′-TTC 
ACG AAT TTG CGT GTC AT-3′; for PDCD6 mRNA: for-
ward 5′-GGA TGA TCG ATA AGA ACG AGC TGA A-3′, 
reverse 5′-ATG AGG ATG TCG TGG AAC TGG TC-3′; for 
GAPDH: forward 5′-ATG GAA ATC CCA TCA CCA TCT 
T-3′, reverse 5′-CGC CCC ACT TGA TTT TGG-3′. Rela-
tive quantifications of target miRNA and mRNA expression 

were evaluated using the comparative cycle threshold (CT) 
method (Schmittgen and Livak 2008). The relative expres-
sion level of miR-183 was obtained by the normalization to 
the values of U6. The relative expression level of PDCD6 
mRNA was obtained by the normalization to the values of 
GAPDH. Each sample was examined in triplicate.

Cell proliferation assay

Cell proliferation of leukemia cells after the transfection 
were measured by using 3-(4,5-dimethylthiazol-2-yl)-
2.5-diphenyl-2H-tetrazolium bromide (MTT) assays. 
In brief, cells were seeded at a density of 5.0  ×  103 to 
1.0 ×  104 cells per well in 96-well plates. At 72  h after 
the transfection, fresh medium containing 10  % fetal 
bovine serum and 20 μl of MTT solution (5 μg/ml, Sigma-
Aldrich, MA, USA) was added to each well, which was 
then incubated for an additional 4  h at 37  °C. Following 
the centrifugation for 10  min at 500×g, culture medium 
supernatant was removed from wells and the formazan was 
dissolved with dimethyl sulfoxide (DMSO). Finally, the 
amounts of MTT formazan generated were measured as 
absorbance using a microplate reader at 570 nm.

Cell cycle assay

Cell cycle phases of leukemia cells after the transfection 
were analyzed by measuring the DNA fragment staining 
with propidium iodide (PI, Sigma-Aldrich Co.) based on 
the instructions to users. In brief, at 48 h after the transfec-
tion, leukemia cells were cultured in serum-free medium 
for 22  h, and then, fetal bovine serum was supplied for 
additional 2  h. After that, the cells were harvested and 
washed twice with cold phosphate-buffered saline, fol-
lowed by the incubation with PI dye solution containing 
RNaseA (30  mg/mL) for 30  min at room temperature in 
the dark. After PI staining, leukemia cells were analyzed 
for the DNA content immediately by flow cytometry with 
FACS calibers (BD Biosciences, San Jose, CA, USA) 
using CellQuest software (version 3.3, BD Biosciences, 
San Jose, CA, USA). PI-negative living cells were gated 
for the cell cycle assay. Each sample was examined in 
triplicate.

Cell apoptosis assay

Cell apoptosis of leukemia cells after the transfection was 
subsequently detected using an annexin V apoptosis detec-
tion kit (BD Biosciences, San Jose, CA, USA) based on the 
instructions to users. In brief, leukemia cells were resus-
pended in 100  mL binding buffer and stained with 5  mL 
each of annexin V and PI staining solution for 30 min. After 
that, flow cytometry with FACS calibers (BD Biosciences, 

Table 1   Association of combined serum miR-183/PDCD6 levels 
with clinical characteristics of 106 pediatric AML patients

Clinical variables No. of patients 
(%)

MiR-183-high/
PDCD6-low

P

Gender

Male 58 (54.7) 22 (37.93) NS

Female 48 (45.3) 19 (39.58)

Age (year)

>6 40 (37.7) 16 (40.00) NS

≤6 66 (62.3) 25 (37.88)

Leukocyte (/µL)

>10,000 66 (62.3) 26 (39.39) NS

≤10,000 40 (37.7) 15 (37.50)

French–American–British classification

M0 3 (2.8) 0 (0) 0.01

M1/M2 62 (58.5) 8 (12.90)

M3 10 (9.4) 5 (50.00)

M4/M5 21 (19.8) 18 (85.71)

M7 10 (9.4) 10 (100.0)

Extramedullary disease

Absent 80 (75.5) 29 (36.25) NS

Present 26 (24.5) 12 (46.15)

Cytogenetics

Favorable 35 (33.0) 3 (8.57) 0.006

Intermediate 52 (49.1) 20 (38.46)

Unfavorable 19 (17.9) 18 (94.74)

Day 7 response to treatment

Favorable 65 (61.3) 26 (40.00) NS

Unfavorable 41 (38.7) 15 (36.59)
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Fig. 1   MiR-183 upregulation in bone marrow and patients’ sera of 
pediatric AML. a Expression levels of miR-183 in bone marrow of 
patients with pediatric AML and normal controls. b Expression lev-

els of miR-183 in patients’ sera and healthy controls. c Correlations 
of miR-183 expression levels between the bone marrow and patients’ 
sera of pediatric AML

Fig. 2   MiR-183 upregulation promotes cell proliferation of human 
leukemia cells. a, b Expression levels of miR-183 in HL60 and 
K562 cells transfected with miR-183 mimics were significantly 
increased compared with those transfected with control mimics (both 
P = 0.02), while its expression in HL60 and K562 cells transfected 
with miR-183 inhibitor were significantly decreased (both P < 0.001); 

c, d MTT assay indicated that the transfection of miR-183 mim-
ics significantly promoted cell proliferation in HL60 and K562 cells 
compared with normal controls (P  <  0.01); in contrast, the loss of 
miR-183 by the specific inhibitor markedly suppressed cell prolifera-
tion of HL60 and K562 cells (P = 0.02 and 0.03, respectively)
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San Jose, CA, USA) was used to analyze the cell apoptosis 
using the CellQuest software (version 3.3, BD Biosciences, 
San Jose, CA, USA).

MiRNA target prediction

Putative target mRNAs of miR-183 were predicted by three 
bioinformatic algorithms, including TargetScan (http://
www.targetscan.org/vert_71/, Release 7.1 June 2016) (Gar-
cia et  al. 2011), microRNA.org-Targets and Expression 
(http://www.microrna.org/microrna/home.do, Last Update: 
2010-11-01) (Betel et al. 2008) and miRWalk (version 2.0, 
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) 
(Dweep and Gretz 2015), which are commonly used in 
the field for the miRNA target prediction. To overcome the 
limitations of each program, the putative target genes pre-
dicted by all three algorithms were chose as the candidate 
target genes for further validations.

Luciferase reporter assay

To confirm the binding efficiency of miR-183 on the 3′UTR 
of PDCD6 mRNA, leukemia cells were co-transfected with 
miR-183 mimic or the negative control and psiCHECK-2-
PDCD6-3′-UTR-WT, psiCHECK-2-PDCD6-MUT. At 48 h 
after the transfection, cells were collected and detected 
with the Dual-Luciferase Reporter Assay System (Pro-
mega, CA, USA). Luciferase activity was measured by the 
GloMax fluorescence reader (Promega, CA, USA).

Statistical analysis

All statistical analyses were performed using the software of 
SPSS (version 11.0, SPSS Inc, IL, USA). Data were shown 
as mean ± standard deviation (SD). The differences between 
groups were analyzed using Student’s t test when there were 
only two groups, or assessed by one-way analysis of variance 

Fig. 3   MiR-183 upregulation promotes G1/S transition and inhibits 
apoptosis of human leukemia cells. a, b HL60 and K562 cells which 
were transfected with miR-183 mimic, respectively, display the sig-
nificantly decreased ratio of G0-/G1-phase cells and significantly 
increased ratio of S-phase and G2-/M-phase cells, compared with 
the cells in the negative group (both P < 0.05). In contrast, the trans-
fection of miR-183 inhibitor led to the increased cell population of 

G0-/G1-phase and the decreased cell population of the S-phase and 
G2-/M-phase of two leukemia cell lines (both P < 0.05). c, d Percent-
age of apoptotic HL60 and K562 cells, which were transfected with 
miR-183 mimic, were dramatically decreased (all P < 0.05), but those 
in miR-183 inhibitor transfection group were significantly increased, 
compared with the corresponding controls (all P < 0.05)

http://www.targetscan.org/vert_71/
http://www.targetscan.org/vert_71/
http://www.microrna.org/microrna/home.do
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
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(ANOVA) when more than two groups were analyzed. 
The correlation between miR-183 expression and PDCD6 
mRNA expression in AML patients’ sera was determined by 
Spearman’s correlation analysis. Associations of serum miR-
183 combined with PDCD mRNA levels with clinicopatho-
logical features of pediatric AML were performed using the 

χ2 test for categorical variables. The Kaplan–Meier survival 
curves were used to determine any significant relationships 
between serum miR-183 combined with PDCD mRNA lev-
els, and the status of the patients with respect to relapse-free 
survival (RFS) or overall survival (OS). P values less than 
0.05 were considered to be statistically significant.

Fig. 4   MiR-183 downregulates PDCD6 expression by directly tar-
geting its 3′-UTR. a The putative miR-183-binding sequence in the 
3′-UTR of PDCD6 mRNA; b luciferase report assay showed that the 
relative luciferase activities were dramatically reduced in cells co-
transfected with the psiCHECK-2-PDCD6-3′-UTR-WT luciferase 
reporter and miR-183 mimics than those in the negative control cells. 
However, both inhibitory and enhanced effects were abolished when 
3′-UTRs that contained both mutant-binding sites were co-transfected 

with miR-183; c, d Enforced expression of miR-183 remarkably 
inhibited the endogenous expression of PDCD6 mRNA and protein 
in HL60 and K562 cells, respectively. e, f Loss of miR-183 increased 
the expression of endogenous PDCD6 at both the mRNA and protein 
levels in HL60 and K562 cells, respectively. The relative expression 
level of PDCD6 mRNA was obtained by the normalization to the val-
ues of GAPDH. Each sample was examined in triplicate. *P < 0.05, 
comparison with NC-mimics and NC-inhibitor groups
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Results

miR‑183 expression upregulates in patients 
with childhood AML

Expression levels of miR-183 (in bone marrow, AML vs 
normal: 2.95 ±  0.91 vs 1.57 ±  0.87, P  <  0.001, Fig.  1a; 
in serum, AML vs normal: 2.82 ±  0.77 vs 1.46 ±  0.73, 
P < 0.001, Fig. 1b) in bone marrow and patients’ sera were 
both significantly higher than those in normal bone marrow 
and healthy sera. In addition, Spearman’s correlation analy-
sis showed the closed correlations of miR-183 expression 

levels in the bone marrow of childhood AML patients with 
the corresponding expression in patients’ sera (Spearman’s 
correlation: r = 0.68, P = 0.01, Fig. 1c).

MiR‑183 upregulation promotes cell proliferation 
of human leukemia cells

To elucidate the function of miR-183 in pathogenesis of 
pediatric AML, we here evaluated cell proliferation in 
two human leukemia cells HL60 and K562 in response to 
the transfection of miR-183 mimics and miR-183 inhibi-
tor. As shown in Fig.  2a, b, the relative expression levels 
of miR-183 in leukemia cells transfected with miR-183 
mimics were significantly increased compared with those 
transfected with control mimics (both P = 0.02), while its 
expression was dramatically downregulated by the trans-
fection of miR-183 inhibitor (both P < 0.001).

Next, the results of MTT assay indicated that the transfec-
tion of miR-183 mimics significantly promoted cell prolifer-
ation in two leukemia cell lines (HL60 and K562) compared 
with normal controls (both P < 0.01, Fig. 2c, d). In contrast, 
the loss of miR-183 by the specific inhibitor markedly sup-
pressed cell proliferation of two human leukemia cells HL60 
and K562 (P = 0.02 and 0.03, respectively, Fig. 2c, d).

MiR‑183 upregulation promotes G1/S transition 
and inhibits apoptosis of human leukemia cells

As shown in Fig.  3a, b, both HL60 and K562 cells that 
were transfected with miR-183 mimic displayed the sig-
nificantly decreased ratio of G0-/G1-phase cells and sig-
nificantly increased ratio of S-phase and G2-/M-phase 
cells, compared with the cells in the negative group (both 
P < 0.05). In contrast, the transfection of miR-183 inhibitor 
led to the increased cell population of G0-/G1-phase and 
the decreased cell population of the S-phase and G2-/M-
phase of two leukemia cell lines (both P < 0.05).

Moreover, the percentage of apoptotic HL60 and K562 cells 
that were transfected with miR-183 mimic were dramatically 
decreased (all P < 0.05, Fig. 3c, d), but those in miR-183 inhib-
itor transfection group were significantly increased, compared 
with the corresponding controls (all P < 0.05, Fig. 3c, d).

MiR‑183 downregulates PDCD6 expression by directly 
targeting its 3′‑UTR

We predicted the possible target genes of miR-183 by 
applying three miRNA target gene prediction systems and 
identified PDCD6 as one of the candidate genes, which 
were commonly predicted by three bioinformatics algo-
rithms (Please see the list of candidate targets of miR-183 
in Supplementary Table S1).

Fig. 5   Serum miR-183 in patients with pediatric AML negatively 
correlates with serum PDCD6 mRNA. a Expression levels of PDCD6 
mRNA in pediatric AML patients’ sera were significantly lower than 
those in healthy sera (AML vs normal: 1.62 ± 0.88 vs 3.24 ± 1.03, 
P  <  0.001); the relative expression level of PDCD6 mRNA was 
obtained by the normalization to the values of GAPDH. Each sample 
was examined in triplicate. b Spearman’s correlation analysis showed 
the negative correlation between serum miR-183 and PDCD6 mRNA 
in patients with pediatric AML (Spearman’s correlation: r = −0.556, 
P < 0.001)
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As shown in Fig. 4a, one putative binding site for miR-
183 was found in the 3′-UTR of PDCD6 at 227–233  bp, 
which are highly conserved across species. To confirm the 
predictions, the luciferase reporter assay was performed 
in HL60 and K562 cells. The relative luciferase activities 
were dramatically reduced in cells co-transfected with the 
psiCHECK-2-PDCD6-3′-UTR-WT luciferase reporter and 
miR-183 mimics than those in the negative control cells. 
However, both inhibitory and enhanced effects were abol-
ished when 3′-UTRs that contained both mutant-binding 
sites were co-transfected with miR-183 (Fig. 4b).

Next, the enforced expression of miR-183 remarkably 
inhibited the endogenous expression of PDCD6 mRNA and 
protein in HL60 and K562 cells (Fig. 4c, d). Consistently, 
the loss of miR-183 increased the expression of endoge-
nous PDCD6 at both the mRNA and protein levels in HL60 

and K562 cells (Fig. 4e, f). Our results indicate that both of 
the binding sites may be involved in miR-183 regulation, 
and miR-183 directly binds to the 3′-UTR of PDCD6 to 
regulate its expression.

These findings provide the evidence that PDCD6 may be 
a direct target of miR-183 in human leukemia cells.

Serum miR‑183 in patients with pediatric AML 
negatively correlates with serum PDCD6 mRNA

The above data indicated that the serum levels of miR-
183 (AML vs normal: 2.82  ±  0.77 vs 1.46  ±  0.73, 
P  <  0.001) in patients with pediatric AML were sig-
nificantly higher than those in healthy sera. In con-
trast, the expression levels of PDCD6 mRNA in pedi-
atric AML patients’ sera were significantly lower than 

Fig. 6   Kaplan–Meier curves of relapse-free survival (RFS, A) and overall survival (OS, B) of patients with pediatric AML stratified by the com-
bined serum miR-183 and PDCD6 mRNA levels

Table 2   Univariate analysis 
of the impact of variables on 
relapse-free survival (RFS) 
and overall survival (OS) in 
pediatric AML patients

Variable No. of patients RFS OS

Median (months ± SD) P Median (months ± SD) P

Cytogenetics

Favorable 35 Not reached <0.001 Not reached <0.001

Intermediate 52 12.61 ± 1.82 22.90 ± 2.12

Unfavorable 19 3.14 ± 0.53 9.81 ± 1.73

French–American–British classification

M1–M6 96 14.26 ± 2.19 0.01 36.26 ± 3.81 0.008

M7 10 7.92 ± 1.44 20.72 ± 2.52

MiR-183/PDCD6 expression

High/low 41 5.16 ± 0.82 0.01 20.86 ± 2.12 0.01

Other three groups 65 11.28 ± 0.99 36.59 ± 3.82
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those in healthy sera (AML vs normal: 1.62 ±  0.88 vs 
3.24 ± 1.03, P < 0.001, Fig. 5a). Then, Spearman’s cor-
relation analysis showed the negative correlation between 
serum miR-183 and PDCD6 mRNA in patients with 
pediatric AML (Spearman’s correlation: r  =  −0.556, 
P < 0.001, Fig. 5b).

Associations of the combined serum miR‑183 
and PDCD6 mRNA levels with various clinical 
characteristics of patients with pediatric AML

The median values of serum miR-183 (2.67) and PDCD6 
mRNA (1.71) levels were used as cutoff points to divide 
all 106 patients with pediatric AML into miR-183-low/
miR-183-high (n =  52/54) and PDCD6-low/PDCD6-high 
(n  =  55/51) expression groups. Among 106 patients, 13 
(12.26 %) cases were both high expression of miR-183 and 
PDCD6, 14 (13.21 %) cases were both low expression of 
miR-183 and PDCD6, 41 (38.68 %) cases were miR-183-
high and PDCD6-low expressions, and 38 (35.85 %) cases 
were miR-183-low and PDCD6-high expressions.

Table  1 summarizes the associations of the combined 
serum miR-183 and PDCD6 mRNA levels with various 
clinical characteristics of patients with pediatric AML. 
High serum miR-183 combined with low serum PDCD6 
mRNA was significantly associated with French–Ameri-
can–British classification subtype M7 (P = 0.01, Table 1) 
and unfavorable karyotypes (P =  0.006, Table  1). There 
were no significant associations between their serum levels 
and patients’ gender and age, leukocyte count, extramedul-
lary disease and day 7 response to treatment (all P > 0.05, 
Table 1).

Prognostic values of the combined serum miR‑183 
and PDCD6 mRNA levels in patients with pediatric 
AML

Kaplan–Meier curve analyses revealed that pediatric AML 
patients with high serum miR-183 combined with low 
serum PDCD6 mRNA levels had the shortest RFS and OS 
in all four groups according to the combination expression 
of miR-183/PDCD6 (P =  0.001, Fig.  6). Moreover, uni-
variate analyses found that RFS and OS of patients with 
pediatric AML were both significantly associated with the 
French–American–British classification subtype M7 (both 
P = 0.01, Table 2), unfavorable cytogenetic abnormalities 
(both P  <  0.001, Table  2) and miR-183-high/PDCD6-low 
level (both P = 0.01, Table 2). Furthermore, Cox propor-
tional hazards multivariate analyses of the univariate pre-
dictors identified the cytogenetic abnormalities (P =  0.01 
and 0.009, respectively, Table  3) and miR-183-high/
PDCD6-low level (both P = 0.03, Table 3) as independent 
prognostic factors for RFS and OS.

MiR‑183 promotes cell proliferation in human leukemia 
cells via regulating PDCD6

To determine whether miR-183 promoted cell prolifera-
tion of human leukemia cells via regulating its target gene 
PDCD6, pcDNA3.1-PDCD6 expression vector was trans-
fected into HL60 and K562 cells. As shown in Fig. 7a, b, 
the endogenous expression levels of PDCD6 protein were 
detected by Western blot in HL60 and K562 cells trans-
fected with the miR-183 mimic in the presence of PDCD6 
or vector control for 24 h. Next, re-introduction of PDCD6 
markedly reversed the enhancing effects of cell prolif-
eration in the miR-183-expressing cells (both P  <  0.05, 
Fig. 7c for HL60 and Fig. 7d for K562), which was similar 
to the findings in cell cycle and cell apoptosis assays (all 
P < 0.05, Fig. 8).

Discussion

The identification of reliable and stable diagnostic and prog-
nostic markers and efficient therapeutic targets for pediat-
ric AML, as a complex and heterogeneous malignancy, 
remains a significant clinical challenge. In the current 
study, we demonstrated that miR-183 was upregulated in 
sera of patients with pediatric AML, and the re-expression 
and the knockdown of miR-183, respectively, promoted 
and suppressed AML cell proliferation in vitro. Moreover, 
PDCD6, a direct and functional target of miR-183, was also 
identified. Its expression was frequently decreased in sera 
of patients with pediatric AML, and the combination of 
high miR-183 expression and low PDCD6 expression was 
remarkedly associated with aggressive clinicopathological 

Table 3   Multivariate analysis of the impact of variables on relapse-
free survival and overall survival in pediatric AML patients

Variable P Odds ratio

Relapse-free survival

 Cytogenetics

 Unfavorable versus favorable/intermediate 0.01 5.92

 French–American–British classification

 M7 versus M1–M6 0.06 2.33

 MiR-183/PDCD6 expression

 High/low versus others 0.03 3.96

Overall survival

 Cytogenetics

 Unfavorable versus favorable/intermediate 0.009 7.09

 French–American–British classification

 M7 versus M1–M6 0.06 2.52

 MiR-183/PDCD6 expression

 High/low versus others 0.03 3.38
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features and unfavorable prognosis in patients with pedi-
atric AML. Furthermore, we found that miR-183 function-
ally promoted cell proliferation by silencing PDCD6. Taken 
together, these findings suggest that the dysregulation of 
miR-183-PDCD6 axis may play a crucial role during the 
progression of pediatric AML and may be a novel potential 
therapeutic target for the treatment of this malignancy.

MiR-183 behaves as an oncomiRNA, and its elevated 
level has been observed in various human cancers. Miao 
et al. (2016) revealed that miR-183 enhanced the prolifera-
tion, invasion and metastasis of human pancreatic adeno-
carcinoma cells; Lowery et al. (2010) found that miR-183 
dysregulation was correlated with estrogen receptor and 
HER2/neu receptor expression, and the induced overex-
pression of miR-183 inhibited migration of breast cancer 
cells; Gu et  al. (2014) indicated that miR-183 suppressed 
apoptosis and promoted proliferation and invasion of 

gastric cancer cells by targeting PDCD4; Qiu et al. (2014) 
showed that miR-183 efficiently increased cell prolifera-
tion, migration and invasion via targeting protein phos-
phatase 2A in renal cancer cells. In contrast, a recent study 
of Fan et al. (2016) reported that miR-183 also exerted the 
tumor suppressive roles in cervical cancer and inhibited 
cell invasion and metastasis through targeting MMP-9. In 
pediatric AML, the current study confirmed the increased 
expression levels of miR-183 in bone marrow and patients’ 
sera compared to the corresponding normal controls. We 
also determined the diagnostic and prognostic potentials 
of miR-183 in this malignancy. To further explore its func-
tions, we in the present study demonstrated that the over-
expressed miR-183 promoted cell proliferation and G1/S 
transition and inhibited apoptosis of human leukemia cell 
lines, expanding our understanding on the pathophysiology 
of pediatric AML.

Fig. 7   MiR-183 promotes cell proliferation in human leukemia cells 
via regulating PDCD6. a, b Endogenous expression levels of PDCD6 
protein were detected by western blot in HL60 and K562 cells trans-
fected with the miR-183 mimic in the presence of PDCD6 or vector 

control for 24 h. c, d Re-introduction of PDCD6 markedly reversed 
the enhancing effects of cell proliferation in the miR-183-expressing 
HL60 and K562 cells
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Since miRNAs can act as oncogenes or tumor suppres-
sors depending on the function of the target genes, we iden-
tified the downstream target genes for miR-183 in order to 
elucidate its underlying molecular mechanisms involved into 
malignant progression of pediatric AML. Combined with 
bioinformatics algorithms of miRNA target prediction and 
luciferase reporter assay, PDCD6 was identified as a candi-
date target of miR-183. As a calcium-binding modulator pro-
tein, PDCD6 functions as a regulator of cell proliferation and 
death (Hashemi et  al. 2015; Zhou et  al. 2015). Its aberrant 
expression has also been observed in a variety of human can-
cers, and it may exert either an oncogenic role or a tumor sup-
pressive role with a cancer-dependent manner. For example, 
PDCD6 has been found to be highly expressed in metastatic 
ovarian cancer cells and positively regulated cell migration 
and invasion (Su et al. 2012). In contrast, the decreased copy 
numbers and mRNA expression of PDCD6 were both found 
in gastric cancer specimens and also were identified as sig-
nificant prognostic biomarkers for advanced patients (Yoon 
et al. 2012). In the present study, our clinical data showed that 

PDCD6 mRNA expression was dramatically downregulated 
in patients’ sera of pediatric AML. Its downregulation com-
bined with miR-183 upregulation was found to be associated 
with French–American–British classification subtype M7 and 
unfavorable karyotypes. More interestingly, pediatric AML 
patients with miR-183-high/PDCD6-low expression had the 
shortest RFS and OS of four groups (miR-183-low/PDCD6-
high, miR-183-low/PDCD6-low, miR-183-high/PDCD6-high 
and miR-183-high/PDCD6-low). Of note, the multivariate 
survival analysis showed that the combined aberrant expres-
sion of miR-183 and PDCD6 was an independent prognostic 
factor for both RFS and OS in pediatric AML. Furthermore, 
we speculated a novel mechanism in which the re-expression 
of miR-183 may directly downregulate PDCD6, resulting in 
the promotion of AML cell proliferation and G1/S transition 
and the inhibition of cell apoptosis. This is the first study to 
provide evidence that as a critical cell proliferation inducer, 
miR-183 may directly regulated PDCD6 at the posttranscrip-
tional level and contributes to its oncogenic function of AML 
progression.

Fig. 8   MiR-183 promotes G1/S transition and inhibits cell apoptosis 
in human leukemia cells via regulating PDCD6. a, b Re-introduction 
of PDCD6 markedly reversed the effects of miR-183 overexpression 

on cell cycle of HL60 and K562 cells, respectively. c, d Re-introduc-
tion of PDCD6 markedly reversed the effects of miR-183 overexpres-
sion on cell apoptosis of HL60 and K562 cells, respectively
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In conclusion, the dysregulation of miR-183-PDCD6 
axis may be involved into the aggressive progression of 
pediatric AML. Combined serum miR-183 and PDCD6 
mRNA may serve as a novel prognostic biomarker for this 
malignancy. Interestingly, miR-183 may function as an 
oncogene that may enhance AML cell proliferation by tar-
geting PDCD6, implying a potential therapeutic target for 
pediatric AML.
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