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INTRODUCTION

MicroRNAs (miRNAs) are small, endogenous, non-cod-
ing single-stranded RNAs approximately 20-25 nucleotides 
long that play key roles in post-transcriptional regulation of 
gene expression in multicellular organisms [1]. These small 
sequences usually bind to the 3′-untranslated region (3′-UTR) 
of the target mRNA through imperfect base-pairing, and 
either block translation or promote degradation of the target 
mRNA [2]. Based on the function of the target genes, miR-
NAs can act as oncogenic (oncomiR) or tumor suppressive, 
and play a critical role in the carcinogenesis due to changes in 
the expression of regulatory proteins [3-5].

In 2003, microRNA-192 (miR-192) was confirmed by 
Lim et al. as a newly identified miRNA [6]. The MIR192 
gene is transcribed together with miR-194 [7]. Several stud-
ies reported the upregulation of miR-192 in different cancer 
types, including gastric cancer, hepatocellular carcinoma, and 

neuroblastoma [8-10]. Conversely, miR-192 was downregu-
lated in colorectal cancer and hematological disorders, as well 
as in lymphoblastic leukemia (ALL) where it was associated 
with poor prognosis (Supplemental Table 1) [11,12]. The TP53 
gene is a direct transcriptional target of miR-192, which con-
tributes to the tumor suppressive role of this miRNA. miR-192 
affects the regulation of cell cycle and proliferation by regulat-
ing the TP53 expression [11].

The p53 tumor suppressor protein plays a critical role in 
the survival of normal and suppression of tumor cells by con-
trolling downstream target genes [13]. Importantly, among all 
tumor suppressor genes and oncogenes, TP53 is the most fre-
quently mutated gene in different human cancers, indicating 
the important role of p53 tumor suppressor protein in cancer 
development [14]. The activation of p53 can induce cell cycle 
arrest in the G1 checkpoint of the cell cycle [15]. In addition, 
after cell damage, p53 is activated by kinases and the activated 
p53 induces downregulation of cell cycle regulators and trig-
gers cell cycle arrest in the G2 phase [16].

In the present study, we evaluated the effect of miR-192 
overexpression in an ALL cell line. The overexpression of 
miR-192 led to p53-dependent G1 and G2-M cell cycle arrest. 
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ABSTRACT

Non-coding RNAs play a critical role in gene regulation in cancer cells. Reduced expression of microRNA-192 (miR-192) has been detected in 
many cancers. In this study, we investigated the role of miR-192 in cell proliferation and cell cycle control in NALM-6 cell line, a model of acute 
lymphoblastic leukemia (ALL). Cell cycle analysis by DNA content using propidium iodide staining and cell apoptosis analysis using Annexin V 
assay were carried out. Cell proliferation changes were monitored using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. 
In addition, the relative changes in P53, BAX, CASP3, and BCL-2 gene expression were determined by quantitative reverse transcription PCR. 
Overexpression of miR-192 resulted in cell proliferation arrest in ALL cells. After 72 and 96 hours of transduction, apoptosis was significantly 
increased in the cells transduced with miR-192-overexpressing virus compared with control cells. The expression of P53, BAX, and CASP3 
increased after 48 hours of transduction in miR-192-overexpressing cells, but no change was observed in BCL-2 expression. The G0/S and G1/S 
ratio changed to 7.5 and 4.5, respectively, in the cells overexpressing miR-192 compared with controls. The results of our study suggest, for the 
first time, tumor suppressive effects of miR-192 in ALL cells.
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p53-induced caspase-3 activation was followed by apoptosis. 
Overall, our results showed that by regulating the expression 
of key cell cycle genes, miR-192 can mediate cell cycle and pro-
liferation arrest in an ALL cell line.

MATERIALS AND METHODS

Cell culture

The B-cell precursor leukemia cell line NALM-6 was 
purchased from the Pasteur Institute of Iran. The cells were 
cultured in Roswell Park Memorial Institute (RPMI) 1640 
medium with 10% fetal bovine serum (FBS) and 100 U/ml 
penicillin-streptomycin, and kept in a humidified atmosphere 
at 37°C with 5% CO2. The Lenti-X™ 293T cell line was obtained 
from the Department of Virology, Pasteur Institute of Iran. 
The cells were cultured in high-glucose Dulbecco’s Modified 
Eagle’s Medium (DMEM) with 10% FBS and 100 U/ml 
penicillin-streptomycin.

Lentivirus construction and transfection

The recombinant lentivirus expressing miR-192 was con-
structed using pLenti-III-miR-192-  green fluorescent pro-
tein (GFP) (ABM, Richmond, BC, Canada) and psPAX and 
pMD2G packaging plasmids, in Lenti-X™ cells. pLenti-III-
blank-GFP plasmid was used for constructing the backbone 
viral vector. Lenti-X™ cells were cultured 1 day prior to the 
transfection so the cells could reach 80-90% confluence on the 
day of transfection. The transfections were performed using 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), with 
the recombinant lentiviral packaging system and expressing 
plasmids, and the cells were incubated at 37°C. The lentiviral 
transduction efficiency was determined by analyzing the GFP-
expressing lentivirus under fluorescence microscopy, 24 hours 
after the transduction. The supernatant was collected every 
24 hours for 3 days. The viruses were concentrated using ultra-
centrifugation at 45 000 rpm, resuspended in phosphate-buff-
ered saline (PBS), and kept at −80°C until use.

Transduction and confirmation

The cells were transduced with the recombinant lenti-
viruses expressing miR-192 and backbone viral vector using 
spinfection at 1400×g for 1 hour at 36°C. After 24 hours, the 
GFP expression was analyzed in the cells, using fluorescence 
microscopy and flow cytometry.

RNA isolation and quantitative reverse 
transcription PCR (RT-qPCR) analysis of miRNAs

The total RNA content, including miRNAs, was isolated 
from the transduced and control cells using the RNX plus 

reagent (CinnaGen, Tehran, Iran) according to the manufac-
turer’s instructions, 48 hours after the transduction. The RNA 
extracts were kept at −80°C until use. Next, 5 µg of total RNA, 
used as a template, was polyadenylated with poly(A) poly-
merase enzyme. Complementary DNA (cDNA) was synthe-
sized using a cDNA synthesis kit (Fermentas, Massachusetts, 
USA) and specific primers. The sequence-specific RT-qPCR 
primers for miR-192 and endogenous control SNORD were 
purchased from Bonyakhteh Research Center, Iran. RT-qPCR 
analysis was carried out on the Rotor-gene 6000 real-time 
PCR device (Corbett, Mortlake, Australia) using Taq DNA 
Polymerase Master Mix (Ampliqon, Rodovre, Denmark), 
and the following PCR conditions were applied: 95°C for 10 
minutes and then 95°C for 15 seconds, 60°C for 60 seconds for 
up to 40 cycles (n = 3). The gene expression cycle threshold 
(∆∆Ct) values of miRNAs were calculated after normalizing 
with SNORD internal control.

Cell proliferation assay

NALM-6 cells were divided into three groups for trans-
duction. One group was transduced with recombinant len-
tiviruses expressing miR-192, the second, control, group was 
transduced with the backbone virus, and the third group was 
untreated and also used as a control group. Five mg/ml of the 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solution (Sigma-Aldrich, MO, USA) was added 
and the cells were incubated at 37°C for 3 hours; after that, an 
equal volume of dimethyl sulfoxide was added. The absor-
bance was measured at 570 nm with background subtraction 
at 630 nm. The MTT assay was performed at 48, 72, and 98 
hours after the transduction.

Cell cycle analysis

NALM-6 cells (1 × 106) were transduced as previously 
described. After 48 hours, the cells were collected and washed 
with PBS. After fixation in 98% ethanol, the cells were washed 
in PBS. Then, RNase A (100 µg/ml) and 200 µg/ml of propid-
ium iodide (PI) (Sigma-Aldrich, MO, USA) were added. Flow 
cytometry was used to analyze the cell cycle on a Partec 
device (Partec, Muenster, Germany), and FlowJo software 
8.7.1 (Tree star, Ashland, OR, USA) was used for data analysis 
and cell cycle modeling. Untreated and fresh cells were used 
as controls.

Apoptosis analysis by flow cytometry

The cells were examined at a density of 1× 106 cells/ml, 
72 and 96 hours after the transduction. The Annexin V-PE 
Apoptosis Detection Kit (eBioscience, CA, USA) was used 
to analyze apoptosis, according to the manufacturer’s instruc-
tions. The apoptotic cells were detected and quantified using 
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the Partec device. Data were analyzed using the FloMax soft-
ware (Partec). Untreated and stained cells were used as con-
trols for gating.

RT-qPCR analysis of mRNA expression

The cDNA was synthesized using the cDNA synthesis kit 
(Fermentas), with 1 µg of total RNA as a template and random 
hexamer primers. The PCR primers for the P53, BAX, CASP3, 
BCL-2, and GAPDH as the internal control gene were designed 
and synthesized by Bioneer Company [Tehran, Iran] (Table 1). 
RT-qPCR was performed using the Rotor-gene 6000 real-time 
PCR device under the following conditions: 95°C for 15 sec-
onds, and 60°C for 1 minute for up to 40 cycles (n = 3). The gene 
expression ∆∆CT values of mRNAs and relative quantitation 
values were calculated after normalizing with GAPDH.

Statistical analysis

We used Student’s t-test to evaluate the statistical signif-
icance between different groups and the analysis was per-
formed with the GraphPad Prism software version 7.0 (La 
Jolla, California, USA). A value of p < 0.05 was considered 
statistically significant.

RESULTS

Lentivirus construction

The concentrations of recombinant viruses expressing 
miR-192 and backbone vector were determined by titration 
in Lenti-X™ 293T and NALM-6 cells (data not shown). We 
confirmed significantly increased expression of miR-192 in 
NALM-6 cells transduced with the recombinant lentivirus 
expressing miR-192 in comparison with cells transduced with 
the backbone vector (Figure 1A).

The effect of miR-192 overexpression on the cell prolifera-
tion was evaluated in NALM-6 cells using MTT assay at var-
ious time points. The results showed that the overexpression 

of miR-192 in NALM-6 cells resulted in suppression of the 
proliferation compared with the controls (Figure 1B). The sup-
pression was not significant after 48 hours; however, a statis-
tically significant decrease was detected 72 and 96 hours after 
the transduction.

Effect of increased miR-192 expression on cell 
cycle

To determine the effect of miR-192 on cell cycle regulation, 
we performed cell cycle analysis using PI and flow cytome-
try. The results showed that the overexpression of miR-192 
caused an increase in G1-S (>7-fold) and G2-S (>4.5-fold) ratio 
in NALM-6 cells compared with the control cells, as shown 
in Figure 2.

We next examined the effect of miR-192 overexpression on 
apoptosis by Annexin V-PE, 72 and 96 hours after the trans-
duction. After 72 hours, 66% of the cells expressing miR-192 
were Annexin V-positive versus 44% of the cells expressing the 
backbone virus; after 96 hours, 37% of the cells expressing miR-
192 were Annexin V-positive versus 18% of the cells expressing 
the backbone virus (p < 0.01%) (Figure 3).

To examine the potential mechanism underlying the 
effects of miR-192 on cell cycle and apoptosis, we analyzed the 
expression of genes involved in the cell cycle regulation and 
apoptosis. We evaluated P53, BCL-2, BAX, and CASP3 gene 
expression, 48 hours after the transduction with miR-192-ex-
pressing virus. P53, a known target of miR-192, showed a 2.53-
fold increase in the cells infected with miR-192-expressing 
virus in comparison with the cells infected with the backbone 
vector. The expressions of CASP3 and BAX were upregulated 
in the cells with increased miR-192 expression compared 
with the control cells (3-fold and 2-fold increase, respectively) 
(p <  0.05) (Figure 1A). The BCL-2, an anti-apoptotic gene, 
showed no significant change in response to the increased 
miR-192 expression level.

DISCUSSION

miRNAs are a novel class of tumor suppressors and 
their aberrant expression plays a pivotal role in many tumor 
types [11,17]. The inhibitory effects of miR-192 in cell prolifer-
ation and in tumor development have been documented in 
several studies [11]. However, in some types of cancers, such as 
gastric cancer, neuroblastoma and pancreatic cancer, miR-192 
shows tumor-promoting effects [8,10]. In the current study, 
we investigated the effects of miR-192 overexpression in ALL 
cells and our results suggest that miR-192 acts as a tumor sup-
pressor molecule.

Aberrant expression of miR-192 in ALL can result in 
impaired p53 activation [12,18]. p53 is an important tumor sup-
pressor protein that is inactivated in more than 50% of solid 

TABLE 1. Primer sequences used in quantitative reverse 
transcription PCR (RT-qPCR) analysis

Gene name Primer sequence (5’-3’)
BAX forward GTT TCA TCC AGG ATC GAG CAG
BAX reverse CAT CTT CTT CCA GAT GGT GA
CASP3 forward TTAGTGATAAAAATAGAGTTCTTTTGTGG
CASP3 reverse TTAATAAAGGTATCCATGGAGAACACT
BCL-2 forward CCT GTG GAT GAC TGA GTA CC
BCL-2 reverse GAG ACA GCC AGG AGA AAT CA
P53 forward GCGTGTGGAGTATTTGGATG
P53 reverse TGGTACAGTCAGAGCCAACC
GAPDH forward TGC ATC CTG CAC CAC CAA CT
GAPDH reverse AGC CTG CTT CAC CAC CTT C

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; BAX: BCL2 
Associated X
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tumors [13]. One of the important roles of tumor suppressor 
genes is the induction of cell cycle arrest. Khella et  al.  [17] 
demonstrated that an increase in miR-192 and its cluster group 
of miRNAs (i.e., miR-194 and miR-215) caused arrest in the G1 
and G2 phases of the cell cycle [17]. Consistent with these 
studies, our data revealed that the increased miR-192 expres-
sion in ALL cells led to the cell cycle arrest in the G1 and G2 
phases. Furthermore, we showed that the overexpression of 
miR-192 can suppress cellular proliferation and significantly 
decrease the cell growth rates; our cell cycle analysis results 
were consistent with the cell proliferation results.

The inhibitory role of p53 in the G1 and G2 checkpoints 
was demonstrated in a human colorectal cancer cell line 
with impaired p53 tumor suppressor protein. In addition, 
several studies showed that the intact p53 can cause a pro-
longed cell cycle arrest [16,19]. In this study, we demon-
strated that the increased expression of miR-192 in NALM-6 
cell line expressing wild-type p53 protein, could cause cell 
cycle arrest in both G1 and G2 phases, and the G1/S ratio 
increased. In agreement with our study, Song et al. [11] 
demonstrated a role of miR-192 in cell cycle arrest by target-
ing p53 tumor suppressor protein in a model of colorectal 

FIGURE 1. Expression analysis of P53, BAX, CASP3, BCL-2, and microRNA-192 (miR-192) in NALM-6 cells transduced with recombi-
nant pLenti-III-miR-192 virus versus cells transduced with recombinant pLenti-III-backbone virus (transduced control cells). (A) Forty-
eight hours after the transduction with recombinant pLenti-III-miR-192 and recombinant pLenti-III-backbone viruses, changes in gene 
expressions were measured using quantitative reverse transcription PCR (RT-qPCR). Data are expressed as fold change relative to the 
transduced control cells with an assigned value of 1. (B) The overexpression of miR-192 caused suppression of the proliferation in acute 
lymphoblastic leukemia cells. The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT assay was applied to determine the 
viability of NALM-6 cells transduced with recombinant pLenti-III-miR-192 virus and of control cells transduced with recombinant pLen-
ti-III-backbone virus, after 48, 72, and 96 hours of transduction. *p < 0.05, **p < 0.01%, ns: not significant.

B

A
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carcinoma [11]. Our results showed that increased p53 is a 
direct target of miR-192.

However, contrary to the study by Song et al. [11], our 
results showed that the increased miR-192 expression leads to 

FIGURE 3. microRNA-192 (miR-192) promotes apoptosis in NALM-6 cells. The cells transduced with recombinant pLenti-III-miR-192 
virus versus control cells transduced with recombinant pLenti-III-backbone virus. Seventy-two and 96 hours after the transduction, the 
cells were stained with Annexin V-PE and flow cytometry analysis was performed. (A) Untreated control group, (B) cells transduced with 
recombinant pLenti-III-miR-192 after 72 hours, (C) control cells transduced with recombinant pLenti-III-backbone virus after 72 hours, 
(D) cells transduced with recombinant pLenti-III-miR-192 after 96 hours, (E) control cells transduced with recombinant pLenti-III-back-
bone virus after 96 hours, (F) a comparison of Annexin V-positive cells 72 and 96 hours following the transduction, in the three cell 
groups. **p < 0.01.

D

B CA

E F

FIGURE 2. The effects of microRNA-192 (miR-192) overexpression on cell cycle in NALM-6 cell line. The cells transduced with recombi-
nant pLenti-III-miR-192 virus and the control cells transduced with recombinant pLenti-III-backbone virus were stained with propidium 
iodide (FL2) after 48 hours, followed by flow cytometry analysis. (A) Untreated control group, (B) cells transduced with recombinant pLen-
ti-III-miR-192, (C) control cells transduced with recombinant pLenti-III-backbone virus, (D) a comparison of G1/S and G2/S fold changes 
between the three cell groups.
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C
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the upregulation of pro-apoptotic genes and downregulation 
of anti-apoptotic genes. The expressions of BAX and CASP3 
genes were significantly increased, while the BCL-2 gene 
expression level was not changed. These results are in line with 
the observation that the overexpression of miR-192 triggers 
apoptosis. The expression of Bax, a pro-apoptotic protein, is 
regulated by p53 [20]. Activated Bax causes structural changes 
and, finally, the permeabilization of the mitochondrial outer 
membrane, as well as induces caspase activation, which leads 
to programmed cell death [21].

CONCLUSION

Altogether, our results suggest that miR-192 is important 
in inducing apoptosis and cell cycle arrest in ALL. Previously, 
it was demonstrated that low levels of miR-192 are associated 
with poor prognosis in ALL patients [11]. These findings sug-
gest that miR-192-based therapy could be effective in advanced 
ALL patients and could improve the current therapeutic strat-
egies for cancer treatment.
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SUPPLEMENTAL TABLE

SUPPLEMENTAL TABLE 1. Changes in microRNA-192 (miR-192) 
expression associated with different cancers

Cancer type miR-192 Reference
Colorectal cancer Downregulated Song et al. [11]
Acute lymphoblastic 
leukemia Downregulated Schotte et al. [12]

Human bladder 
cancer Downregulated Jin et al. [22]

Human gastric 
cancer Upregulated Jin et al. [10]

Hepatocellular 
carcinoma Upregulated Tan et al. [8]

Neuroblastoma Upregulated Feinberg-Gorenshtein et al. [9]


