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the expression of CCNT2 in human leukemia cells. Exog-
enous expression of CCNT2 attenuated the cell cycle arrest 
induced by miR-192 in NB4 and HL-60 cells. Collectively, 
miR-192 inhibits cell proliferation and induces G0/G1 
cell cycle arrest in AML by regulating the expression of 
CCNT2.

Keywords  miR-192 · Acute myeloid leukemia · Cell 
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Introduction

Acute myeloid leukemia (AML) is a lethal hematological 
malignancy characterized by uncontrolled proliferation of 
abnormal myeloblasts that accumulate in the bone marrow 
and interfere with programmed differentiation of normal 
blood cells [1]. Several cytogenetic, molecular, and epige-
netic aberrations have been previously reported to contrib-
ute to initiation and development of AML [2–4]. Even with 
the progress of therapeutic alternatives including chemo-
therapy and hematopoietic stem cell transplant, AML pro-
gresses rapidly, especially for those elderly patients who 
are intolerable to intensive therapy and the average survival 
is estimated to be less than one year [5]. It is, therefore, 
urgent to uncover the molecular mechanisms responsible 
for leukemogenesis and find new therapeutic target of this 
malignant disease.

MicroRNAs (miRNAs) are a class of small non-coding 
RNAs with approximately 18–22 nucleotides in length, 
which were transcribed from the genome but did not give 
rise to proteins [6, 7]. Evidence is increasing that miRNAs 
function as regulators of carcinogenesis or drivers of tumor 
metastasis through their involvement in cell prolifera-
tion, differentiation and apoptosis [8–11]. Oncogenic and 
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tumor-suppressive roles of miR-192 in solid tumors have 
both been previously reported [11–14]. Upregulation of 
miR-192 was found in multiple cancer types including gas-
tric cancer, esophageal squamous cell carcinoma and pan-
creatic ductal adenocarcinoma [11–13]. Some other studies 
have suggested miR-192 as a tumor suppressor in colon 
cancer [9] and bladder cancer [10]. miR-192 promoted can-
cer cell proliferation and migration, and suppressed apop-
tosis via inhibition of Bim [11], Bcl2, Zeb2 and VEGFA 
[9]. Jin et al. reported recently that miR-192 induced a sig-
nificant increase in G0/G1 phase and a significant decrease 
in S phase in bladder cancer cell [10]. However, little is 
known about the roles of miR-192 in human AML up to 
now.

Cyclin T2 (CCNT2) belongs to the highly conserved 
cyclin family, which functions as regulators of cyclin-
dependent kinases (CDKs) to control progression of cell 
cycle [15]. CCNT2 and its kinase partner CDK9 were 
found to be subunits of the transcription elongation factor 
p-TEFb [16], which promotes messenger RNA transcrip-
tional elongation through phosphorylation of elongation 
repressors and RNA polymerase II [17, 18]. CCNT2 also 
associates with Pkn to play roles in muscle differentiation 
[19] or interferes with Rb and CDK9 to mediate cellular 
signals transduction [20]. However, roles of CCNT2 in 
AML remain unsolved.

In this study, we found that expression of miR-192 was 
significantly downregulated in AML specimens by qRT-
PCR. Moreover, restored expression of miR-192 signifi-
cantly suppressed cell proliferation and induced G0/G1 cell 
cycle arrest of AML cells via inhibition of CCNT2 expres-
sion. Our data revealed that miR-192 was downregulated in 
AML and functioned as tumor suppressor via inhibition of 
CCNT2 expression.

Materials and methods

Ethic approval

Approval for our study was obtained from the Ethic Com-
mittee at Tongji Hospital. Written informed consent was 
obtained from all participants prior to the study. The use of 
the clinical specimens for research purposes was in accord-
ance with the Declaration of Helsinki, federal laws and 
medical regulations in China.

Patients and cell lines

Bone marrow samples were collected from 10 patients his-
topathologically and clinically diagnosed as AML accord-
ing to the French–American–British (FAB) classification 
criteria [21] in the Tongji Hospital. All the patients were 

chemotherapy naïve prior to this study. In addition, bone 
marrows from ten volunteers without malignant hemato-
logical diseases were used as normal controls.

The AML cell lines NB4 and HL-60 were purchased 
from American Type Culture Collection (ATCC, USA). 
All the cell lines were maintained in RPMI-1640 medium 
(Gibco, Grand Island, NY, USA) containing 10% fetal 
bovine serum (HyClone, Logan, Utah, USA), 2 mM l-glu-
tamine and 100 units/ml streptomycin plus 100 units/ml 
penicillin (Pen/Strep, Sigma-Aldrich, USA) in a humidified 
incubator at 37 °C in 5% CO2.

RNA extraction and qRT‑PCR

Total RNA was extracted from the patient samples and cells 
with Trizol reagent (Invitrogen) and reversely transcripted 
to complementary DNA for detection of CCNT2 expres-
sion, while total small RNA was obtained using mirVana 
miRNA isolation kit (Applied Biosystems/Ambion, Austin, 
TX) according to the manufacturer’s instructions. Expres-
sion of miR-192 was detected with a TaqMan miRNA kit 
(Applied Biosystems) according to the manufacturer’s 
instructions and U6 was used as the endogenous control. 
Expression of CCNT2 was determined using an SYBR Mix 
(Promega) and normalized to that of β-Actin. The primers 
used are listed in Supplementary Table  1. qRT-PCR was 
carried out using the ABI PRISM 7500 Sequence Detection 
System (Applied Biosystems).

Vectors, transfections and luciferase activity assay

A miR-192 expression plasmid (pcDNA-miR-192) and 
a CCNT2 expression plasmid (pcDNA3.1-CCNT2) con-
taining the coding sequence but lacking the 3′-UTR were 
obtained from GeneCopoeia™. The 3′-UTR of CCNT2 
mRNA and a mutant variant were generated by PCR and 
cloned to the XbaI site of a pGL3-basic vector (Promega). 
For the luciferase assays, NB4 and HL-60 cells were co-
transfected with the pGL3 reporter vector (250  ng/well), 
pRL-TK luciferase reporters (25  ng/well) and pcDNA-
miR-192 (750  ng/well) or a negative-control (NC) vector 
using lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instructions. A Dual-Luciferase Reporter 
Assay Kit (Promega) was used to measure the luciferase 
activities in the indicated cells. The miR-192 mimic and 
NC oligonucleotides were obtained from Genepharma. 
Cells were plated in the 6-well plate and transfected with 
mimic or NC via lipofectamine2000 (Invitrogen) according 
to the manufacturer’s instructions. 48 h after transfection, 
cells were collected for qRT-PCR and western blot assays 
to validate the transfection efficiency or other functional 
assays.
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Cell proliferation and cell cycle assays

Cell proliferation was assessed using CCK-8 assays. 
Briefly, NB4 and HL-60 cells were plated in the 96-well 
plate at a density of 500 cells/well before the addition of 
CCK-8 solution every day. Then, the cells were incubated 
at 37 °C in 5% CO2 for another 2 h and the absorbance was 
measured at wavelength of 490 nm on a Synergy™ Multi-
Mode Microplate Reader (Biotek, Vermont, USA).

For the cell cycle assays, the indicated cells were syn-
chronized with serum-free medium for 24  h before they 
were collected and washed with cold PBS twice. Then, the 
cells were labeled with propidium iodide (PI) containing 
RNaseA (30 mg/ml) at 37 °C water bath for 30 min. FACS 
calibers (BD, NJ, USA) were used to detect the DNA con-
tent and the data were analyzed with Flowjo software. Each 
group was performed in triplicates.

Cell differentiation and cell apoptosis assays

Differentiated percentage of indicated cells was determined 
with flow cytometry analysis using CD11b and CD15 anti-
bodies (BD Pharmingen, San Jose, CA, USA). Briefly, cells 
were resuspended in 1 ml buffer containing previously indi-
cated antibodies and incubated for 60 min at 4° in the dark. 
After two washes with PBS, the cells were resuspended in 
0.5  ml of 3% FBS-PBS and analyzed by flow cytometry. 
Cell apoptosis was determined with the Annexin V/PI kit 
(Beyotime Technology) according to the manufacturer’s 
instructions.

Western blot analysis

Proteins were extracted from cells with the RIPA lysis 
buffer with protease (1:100) and phosphatase inhibitors 
(1:100) and the concentration was measured by BCA Pro-
tein Assay Kit (Pierce). Western blot analysis was con-
ducted according to previously reported method [22]. 
Antibodies used in our study include p21, p27, p16 (Cell 
Singling, Boston, MA, USA) and CCNT2 (Abcam, Cam-
bridge, Massachusetts, USA).

Animal study

All BALB/c nude mice (4  weeks old, female) were 
maintained under pathogen-free conditions. Our animal 
experiments were approved by the Animal Care Commit-
tee of Tongji Medical College. NB4 cells (5 × 106) with 
stable overexpression of miR-192 or control cells were 
injected subcutaneously into the left flank of the nude 
mice (n = 4/group). The tumors volumes were monitored 

every other day after injection. All mice were killed 
26  days afterwards. The tumors were dissected out and 
weight of each xenograft was recorded.

Statistical analysis

All results were shown as the mean   ±   standard error 
of the mean (SEM). All statistical analyses were car-
ried out with GraphPad Prism Software (GraphPad Soft-
ware, USA). The relationship between relative miR-192 
expression and CCNT2 was evaluated using the Pear-
son’s correlation coefficient test. P < 0.05 was considered 
significant.

Results

MiR‑192 was downregulated in AML patient samples

As shown in Fig.  1, bone marrow samples from AML 
patients had significantly lower expression level of miR-
192 as compared to that from health control patients 
(Fig.  1, * P  <  0.05). We, therefore, hypothesized that 
downregulation of miR-192 may be involved in leukemo-
genesis of AML.

MiR‑192 inhibited proliferation in AML cells

To test our hypothesis, miR-192 expressing vectors 
were introduced into NB4 and HL-60 cells. As shown 
in Fig.  2a, b, qRT-PCR showed significantly increased 
miR-192 expression after transfection compared with 
that in the control group (* P < 0.05) in NB4 and HL-60 
cell lines. Moreover, forced expression of miR-192 

Fig. 1   The expression of miR-192 was downregulated in AML speci-
mens. MiR-192 levels were determined in bone marrow cells from 
AML patients and healthy control patients. *P < 0.05 indicates a sig-
nificant difference from the healthy control
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significantly inhibited cell proliferation in both NB4 and 
HL-60 cells compared with the control cells as assessed 
by CCK-8 kits (Fig.  2c, d). Next, in the subcutaneous 
nude mice model, overexpression of miR-192 signifi-
cantly suppressed tumor growth in vivo (Fig. 2e, f). Alto-
gether, our data revealed that the anti-proliferation activ-
ity of miR-192 may account for tumor-suppressive roles 
in AML cells.

MiR‑192 induced G0/G1 arrest, cell differentiation 
and apoptosis in AML cells

Next, to explore whether the anti-proliferation effects of 
miR-192 were associated with aberrant cell cycle progres-
sion, we examined cell cycle distribution in two cell lines 
(NB4 and HL-60) in response to restored expression of 
miR-192 via flow cytometry. To avoid the baseline discord-
ance, the serum was removed from the medium of NB4 and 
HL-60 cells transfected with miR-192 or control vectors 
before the cell cycle was assessed by flow cytometry. As 
shown in Fig. 3a, we found significantly increased ratio of 
G0/G1 phase and significantly decreased ratio of S phase 
in miR-192-overexpressed cells compared with that in the 
control cells. Moreover, expression of several checkpoint 
genes was detected after overexpression of miR-192. West-
ern blot analysis showed that miR-192 overexpression 
resulted in remarkable increase of p21, p27 and p16 in NB4 
and HL-60 cells (Fig. 3b). To further explore the effects of 
miR-192 on cell differentiation and apoptosis, flow cytom-
eter assays were utilized. Overexpression of miR-192 

significantly induced cell differentiation as evidenced by 
elevated expression of CD15 and CD11b (Fig. 3c). Apop-
totic analysis indicated that the percentage of Annexin V 
negative cells was significantly increased after enforced 
expression of miR-192 (Fig.  3d). Collectively, our data 
indicated that miR-192 induced G0/G1 arrest, cell differen-
tiation and apoptosis in AML cells.

CCNT2 was a direct molecular target of miR‑192

It is generally acknowledged that miRNAs function by 
directly binding to 3′ untranslated regions (3′-UTR) of target 
genes [7]. We, therefore, predicted the possible target mol-
ecules of miR-192 by applying several publicly available 
algorithms (TargetScan, PicStar and miRDB, Fig.  4a) and 
identified 13 genes as the target of miR-192 (Supplementary 
Table 2), among which CCNT2 was reported to be associ-
ated with cell cycle control and selected for further analysis 
(Fig. 4b). As shown in Fig. 4b, CCNT2 possesses potential 
binding sites of miR-192 in the 3′-UTR. To verify direct 
interaction and repression effects between miR-192 and 
CCNT2, we constructed a Renilla luciferase reporter vector 
expressing the 3′-UTR of CCNT2 containing miR-192 tar-
get site or a mutated target site (Fig. 4b), which were termed 
as CCNT2-WT-UTR and CCNT2-Mu-UTR, respectively. 
Next, luciferase reporter assays were performed in NB4 and 
HL-60 cells. Transfection with CCNT2-WT-UTR resulted 
in a significant reduction in the luciferase activity of the 
reporter construct in the presence of miR-192, which was not 
observed after transfection with CCNT2-Mu-UTR in NB4 

Fig. 2   Overexpression of 
miR-192 inhibited prolifera-
tion of AML cells. qRT-PCR 
assays of NB4 (a) and HL-60 
(b) cells transfected with vec-
tors expressing miR-192. Data 
were normalized to those of U6. 
Effect of miR-192 overexpres-
sion on cell proliferation was 
measured by CCK-8 kit after 
miRNAs were introduced 
into NB4 (c) and HL-60 (d) 
cells. e Tumor growth curve 
of indicated cells was cre-
ated. F Weight of the dissected 
tumors was recorded. *P < 0.05 
indicates a significant difference 
from the NC cells
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and HL-60 cells (Fig. 4c, d, * P < 0.05). Furthermore, the 
mRNA level of CCNT2 in NB4 and HL-60 cells was signifi-
cantly decreased in miR-192-overexpressed cells (Fig.  4e, 
* P < 0.05). Accordingly, the level of CCNT2 protein was 
significantly inhibited in miR-192 mimics-transfected NB4 
and HL-60 cells (Fig. 4f). These data provided evidence that 
CCNT2 is a direct target of miR-192 in AML cells.

CCNT2 overexpression reversed cell cycle arrest 
in AML induced by miR‑192 upregulation

Finally, we asked whether CCNT2 might mediate miR-
192-induced cell cycle arrest in AML. A vector contain-
ing the coding sequence of CCNT2 without the 3′UTR 
(pcDNA-CCNT2) was generated and introduced into NB4 
and HL-60 cells. qRT-PCR analysis showed that pcDNA-
CCNT2 significantly upregulated the expressions of 
CCNT2 in both NB4 and HL-60 cells (Fig. 5a, * P < 0.05). 

Concordantly, western blot analysis showed that pcDNA-
CCNT2 restored expression of CCNT2 repressed by miR-
192 mimics in both NB4 and HL-60 cells (Fig. 5b). More-
over, overexpression of CCNT2 was found in our patient 
cohort, which was further confirmed by the results from the 
Halferlach and Stegmaier data sets available in Oncomine 
database (Fig.  5c), demonstrating that CCNT2 may be 
involved in the pathogenesis and progression of AML. Fur-
thermore, mRNA expression level of CCNT2 and miR-192 
in the bone marrow samples of AML patients from our hos-
pital correlated inversely, suggesting regulation of CCNT2 
by miR-192 in AML cells (Fig. 5d). To further confirm the 
direct involvement of CCNT2 in the anti-tumor activity of 
miR-192 in AML, pcDNA-CCNT2 was introduced into 
the miR-192-overexpressed NB4 and HL-60 cells. Flow 
cytometric assays showed that CCNT2 overexpression 
significantly attenuated the G0/G1 arrest induced by miR-
192 upregulation (Fig. 5e, * P < 0.05). Therefore, our data 

Fig. 3   Overexpression of miR-192 induced G0/G1 arrest in AML 
cells. a The cell cycle distribution of NB4 and HL-60 cells, which 
was transfected with miR-192 for 48  h and then cultured in non-
serum mediums for 24 h, and cell cycle phase distribution was ana-
lyzed by flow cytometry after PI staining. The percentage of cells in 
each phase is indicated. b Western blot analysis of p21, p27 and p16 

after transfection with miR-192 expressing vector in NB4 and HL-60 
cells. c Flow cytometer analysis of CD15 and CD11b expression in 
NB4 and HL-60 cells after transfection of miR-192. d Flow cytom-
eter analysis of apoptotic percentage in NB4 and HL-60 cells after 
transfection of miR-192. *P < 0.05 indicates a significant difference 
from the NC cells
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revealed that CCNT2 overexpression could reverse the anti-
neoplastic effects of miR-192 on AML cell cycle transition, 
further confirming that CCNT2 was the downstream target 
gene of miR-192 in AML.

Discussion

Evidences regarding the roles of miRNAs in human 
disease including cancer are increasingly emerged [7], 
whereby both oncogenic and/or tumor-suppressive char-
acteristics have been described [13, 23]. Regulation net-
work between miRNAs and messenger RNA has become 
a hotspot in cancer study [9]. Several miRNAs including 
miR-144 [24], miR-143 [25], miR-181b [26] and miR-
204 [23] are downregulated in leukemia, acting as nega-
tive regulators of tumor growth [9, 24] or therapy sensi-
tivity [25, 26], while others have reported upregulation of 

miR-126-5p [27], miR-181a [22], miR-221/222 [28] in 
human hematologic tumors.

Up to now, studies of biological roles of miR-192 
were focused on human solid tumors [9–13, 29]. MiR-
192 is significantly reduced in liver metastasis of colon 
cancer and has considerable therapeutic potentials 
for colon cancer patients [9]. Moreover, downregula-
tion of miR-192 was observed in bladder cancer and 
induced cell cycle arrest in G0/G1 via reduced expres-
sion of CCND1 [10]. In our study, we observed down-
regulation of miR-192 in AML samples compared with 
normal counterparts. Further function assays revealed 
that overexpression of miR-192 in the AML cell lines 
significantly suppressed proliferation and induced G0/
G1 arrest. However, in some other types of human can-
cer, miR-192 shows tumor-promoting activities. For 
instance, Li et  al. found that miR-192 was upregulated 
in ESCC tissues and cell lines and promoted tumor 

Fig. 4   CCNT2 was identified as a putative target gene of miR-192. a 
Venn diagrams showing the number of potential targets of miR-192, 
as predicted by three databases: TargetScan, PicStar and miRDB. b 
Sequences of the indicated 3′-UTR of CCNT2 and its potential bind-
ing site of miR-192 are shown. Luciferase activity due to the interac-
tion between miR-192 and the luciferase constructs containing wild 
type or mutant 3′-UTR of CCNT2 in NB4 (c) and HL-60 (d) cells. 

Each Renilla luciferase reading was normalized to that obtained for 
the control firefly luciferase. e Relative mRNA level of CCNT2 in 
NB4 and HL-60 cells after overexpression of miR-192. f Western blot 
analysis of CCNT2 in NB4 and HL-60 cells after overexpression of 
miR-192. *P  <  0.05 indicates a significant difference from the NC 
cells
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progression and inhibited cell apoptosis [11]. Onco-
genic roles of miR-192 were further evidenced by recent 
reports which found that the overexpression of miR-192 
promotes tumor growth and progression in human pan-
creatic ductal adenocarcinoma [12] and facilitates tum-
origenesis in gastric cancer [13]. Taken together, miR-
192 plays distinct roles in different types of cancers and 
acts as a tumor suppressor in human AML.

Dysregulation of cell cycle may result in imbalance 
between cell proliferation and cell differentiation [15], 
thus leading to tumorigenesis and modulation of cell 

cycle progression is an important mechanism for the 
action of tumor-associated genes, including miRNAs 
[7]. Liu et  al. reported that the pro-neoplastic roles of 
miR-181a in AML cells are associated with acceleration 
of G1/S transition via negative regulation of ATM [22]. 
MiR-192 promoted cell cycle progression from the G0/
G1 to the S phase by regulating key factors in these pro-
cesses [29]. However, miR-192 also induced a G0/G1 
and G2/M cell cycle arrest of bladder cancer cells [10] 
and proximal tubular epithelial cells [30], respectively. 
Our data confirmed the cell cycle-modulation activity of 

Fig. 5   CCNT2 mediated the anti-tumor activity of miR-192 in 
AML. a Relative mRNA level of CCNT2 in NB4 and HL-60 cells 
after overexpression of miR-192 with or without co-transfection 
with pcDNA-CCNT2. b Western blot analysis of CCNT2 in NB4 
and HL-60 cells after overexpression of miR-192 with or without co-
transfection with pcDNA-CCNT2. c CCNT2 expression in patient 
samples from our hospital and in other cancer microarray data sets 
(Halferlach and Stegmaier) available from Oncomine (https://www.
oncomine.com//). “AML” means the bone marrow specimen from the 
AML patients and “Normal” means the bone marrow samples from 

donors without malignant hematological diseases (Data in Tongji 
Hospital and in Halferlach’s study), whereas “AML” means bone 
marrow or peripheral blood samples from AML patients and “Nor-
mal” means the monocyte from peripheral blood specimen of health 
donors in Stegmaier’s study. d Expression of miR-192 and CCNT2 
correlated inversely in the patient samples (r = −0.691, P < 0.05). e 
Cell cycle distribution in NB4 and HL-60 cells after overexpression 
of miR-192 with or without co-transfection with pcDNA-CCNT2.  
* P < 0.05 indicates a significant difference from the NC cells

https://www.oncomine.com/
https://www.oncomine.com/
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miR-192 in AML, yet with a G0/G1 cell cycle arrest in 
AML cells after restoration of miR-192. Differences may 
be attributed to the target genes in different cells. Dicer1 
[29] and Bim [11] have been reported to be regulated by 
miR-192, while in our study, CCNT2, a cyclin playing 
important roles in the gene transcription, was found to 
be regulated by miR-192. Altogether, regulation of cell 
cycle transition by miR-192 is cell type specific depend-
ing on the downstream proteins.

In conclusion, as to our knowledge, we found for the first 
time that miR-192 was downregulated in AML compared 
with that in healthy controls. Functionality of miR-192 act-
ing as a tumor suppressor makes this new molecule a use-
ful biomarker in cancer diagnosis and management. Further 
investigations on miR-192 regulation are warranted.
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