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Figure 2. Knockout of miR-182 increased cell cycle arrest, inhibited proliferation and clonogenicity of GBM cells. 
A. Knockout of miR-182 increased the population of cells at G2/M phase in miR-182-KO cells. B. Proliferation was 
reduced in miR-182-KO cells. C. miR-182-KO cells exhibited lower clonogenicity than the parental U87 cells. D. 
Overexpression of miR-182 decreased the population of cells at G2/M phase in U251 cells. E. Overexpression of 
miR-182 increased the growth of U251 cells. F. Overexpression of miR-182 in U251 cells showed increased clonoge-
nicity than that of parental cells. The results are the mean ± SD of triplicate determinations; statistical significance 
of results was evaluated by student’s t-test. *P<0.05, **P<0.01.
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Statistical analysis 

Statistical analysis was con-
ducted using GraphPad Prism 
software. P values were calcu-
lated by student’s t-test and 
were considered statistically 
significant if P<0.05. Data we- 
re presented as mean ± SD in 
the figures unless otherwise 
indicated.

Results

Generation of miR-182 
knockout cells in GBM

To explore the role of miR-182 
in GBM, we generated miR-
182-KO cells using Crispr-cas- 
9 system. The PAM sequence 
are within the miR-182 sequ- 
ence (Figure 1A). The gRNA 
was sub-cloned into lenti-CR- 
ISPR vector that drives the 
expression of both CAS9 and 
gRNA. Next, we packaged len-
tivirus to mutate endogen- 
ous miR-182 gene. U87 cells 
were infected and selected. 
After three weeks, a number 
of clones were obtained (Fig- 
ure 1B). We subsequently iso-
lated RNA from the derived 
clones and determined the 
abundance of mature miR-
182 using real-time RT-PCR. 
As shown in Figure 1C, miR-
182 levels were reduced in 
miR-182-KO cells. 

Knockout miR-182 induced 
cell cycle arrest, inhibited pro-
liferation and clonogenicity of 
GBM U251 cells

We next explored the effect of 
miR-182 on cell cycle and cell 

Figure 3. FBW7 was targeted by miR-182. A. FBW7 protein levels were de-
tected in WT and miR-182-KO U87 cells by Western blot. B. FBW7 mRNA 
and protein expression levels were detected in WT and miR-182-OE U251 
cells by Western blot and RT-PCR. C. The miR-182 targeting sequence in the 
FBW7 3’-UTR was shown and mutagenesis was performed. WT or mutated 
FBW7 3’-UTR reporters were transfected into WT and miR-182-KO cells and 
the reporter activities were compared. D. The FBW7 3’UTR reporter vector 
was transfected into WT or miR-182-OE U251 cells and the reporter activi-

ties were compared. E. The pro-
tein levels of Mcl-1, cyclin E and 
c-myc were detected by Western 
blot. The results are the mean ± 
SD of triplicate determinations; 
statistical significance of results 
was evaluated by student’s t-test. 
**P<0.01.
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proliferation. Flow cytometry analysis demon-
strated that significant increase of cells at 
G2/M phase were found in miR-182-KO cells, 
indicating that deficiency of miR-182 induced 
cell cycle arrest (Figure 2A). In consistent with 
this data, proliferation of miR-182-KO cells was 
lower than that of WT cells (Figure 2B). Ad- 
ditionally, the clonogenicity of miR-182-KO cells 
was also decreased (Figure 2C). On the con-
trary, overexpression of miR-182 in U251 cells 
increased the number of cells at S and G2/M 
phase that was accompanied with enhanced 
cell proliferation and clonogenicity (Figure 
2D-F). Our results suggested that miR-182 
acted as an oncogenic miRNA and simultane-
ously enhanced growth and invasiveness of 
GBM.

FBW7 was targeted by miR-182

Since miR-182 was approved as an oncogenic 
miRNA in GBM, we used bioinformatics analy-

sis to search the tumor suppressor genes  
which could be targeted by this miRNA and 
identified FBW7, a component of the E3 ubiqui-
tin-protein ligase that mediates the degrada-
tion of various onco-proteins, as a potential 
target. We assessed the expression level of 
FBW7 in different GBM. The level of FBW7 pro-
tein was increased in miRNA-182-KO cells (Fig- 
ure 3A). Overexpression of miR-182 in U251 
cells reduced FBW7 protein level but not mRNA 
level. (Figure 3B). We further verified miR-182 
could target FBW7 directly by using FBW7 
3’UTR reporter assay. Moreover, the FBW7 
3’UTR reporter activity of miR-182-KO cells was 
upregulated by 50% when compared to the 
control cells and mutation of the two miR182-
binding sites abolished this activity (Figure 3C). 
We next transfected FBW7 3’UTR reporter into 
miR-182 overexpressing U251 cells and found 
that the reporter activity was repressed (Figure 
3D). Our results also showed that overexpres-

Figure 4. miR-182 regulates HIF-1α expression and its target gene. A. U251 cells were transfected with miR-182 
mimics or negative control (NC) for 48 hr. HIF1α protein level was determined by western blot. B. U251 cells were 
transfected with miR-182 mimics or negative control (NC) for 48 hr. HIF1α mRNA level was determined by western 
blot. C. U251 cells were transfected with miR-182 mimics or negative control (NC) for 48 hr. Relative mRNA level 
of Glut1, HK2, LDHA and VEGF were determined by quantitative real-time RT-PCR. D. U251 cells were treated with 
miR-182 inhibitor for 48 hr. HIF1α protein level was determined by Western blot. E. U251 cells were treated with 
miR-182 inhibitor for 48 hr. Relative mRNA Glut1, HK2, LDHA and VEGF were determined by RT-PCR. The results 
are the mean ± SD of triplicate determinations; statistical significance of results was evaluated by student’s t-test. 
**P<0.01, ***P<0.001.
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miR-182 promotes HIF1α expression in glioma 
cells

Next, expression level of HIF1α in U251 cells 
was determined. As expected, treated with miR-
182 mimics, HIF1α protein level was increased, 

sion of miR-182 in U251 cells induced Mcl-1, 
cyclin E and Notch (Figure 3E). These data  
suggested that miR-182 directly suppressed 
FBW7 and consequently increased the oncop-
roteins (Mcl-1, cyclin E and Notch) to promote 
cell growth and clonogenicity.

Figure 5. miR-182 inhibitor induced apoptosis in glioma. A. U87 cells were treated with miR-182 inhibitor for 48 hr. 
Apoptosis was measured by staining. B. U87 cells were treated with miR-182 inhibitor for 48 hr. Annexin V positive 
cells was determined by flow cytometry. C. U87 cells were treated with miR-182 inhibitor for 48 hr. Cleaved-caspase 
3 and 9 were determined by Western blot. D. U87 cells were transfected with FBW7 siRNA, then treated with miR-
182 inhibitor for 48 hr. FBW7 protein level was determined by Western blot (left). Annexin V positive cells was deter-
mined by flow cytometry (right). E. U87 cells were transfected with Flag-Mcl-1 expression plasmid, and then treated 
with miR-182 inhibitor for 48 hr. Flag (Mcl-1) protein level was determined by Western blot (left). Annexin V positive 
cells was determined by Flow cytometry (right). The results are the mean ± SD of triplicate determinations; statistical 
significance of results was evaluated by student’s t-test. ***P<0.001.
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even in normoxic conditions, when basal level 
of HIF1α was low (Figure 4A). However, mRNA 
level of HIF1α was not affected (Figure 4B), 
indicating that miR-182 regulated HIF1α at 
post-transcription level. Expression levels of 
glycolytic enzymes, including Glut1, HK2 and 
LDHA, were increased by miR-182 (Figure 4C). 
It is well-known that HIF-1α induces vascular 
endothelial growth factor (VEGF) expression to 
promote tumor angiogenesis. Interestingly, VE- 
GF was also up-regulated by miR-182 (Figure 
4C). Moreover, expression levels of target ge- 
nes of HIF1α were inhibited by miR-182 inhibi-
tor under hypoxic conditions (Figure 4D and 
4E). Together, these data indicate that miR-182 
promotes HIF1α expression in glioma cells.

Inhibition of miR-182 promotes apoptosis via 
FBW7-mediacted Mcl-1 degradation in GBM

We next examined whether miR-182 inhibit- 
or associated with induction of apoptosis. In 
apoptotic assays, miR-182 inhibitor treatment 
induced apoptosis of U87 cells (Figure 5A). 
miR-182 inhibitor increased the number of 
Annexin V positive U87 cells (Figure 5B). We 
detected cleaved caspase 3 and 9 in miR-182 
inhibitor treated U87 cells and found that miR-
182 inhibitor activates caspase 3 and 9 in U87 
cells (Figure 5C). These data indicated that 
miR-182 inhibitor induced caspase-dependent 
apoptosis in glioma cells. Next, we detected 
whether FBW7/Mcl-1 involved in miR-182 inhi-
bition induced apoptosis. As shown in Figure 
5D and 5E, knockdown of FBW7 or overexpres-
sion of Mcl-1 blocked miR-182 inhibitor induced 
apoptosis in U87 cells. The above study demon-

KO tumors, while expression of Mcl-1 was de- 
creased (Figure 6C).

Discussion

In this study, we generated miR-182 knockout 
in GBM cells using Crispr-cas9 system. We 
showed that knockout miR-182 significantly 
reduced the cell proliferation and clonogenici- 
ty of GBM. These data suggest that miR-182 
serves as an oncogenic miRNA and may affect 
multiple functions in GBM cells. We also identi-
fied FBW7 as a target of miR-182 in GBM. 
FBW7 is a crucial component of the SCF E3 
ubiquitin protein ligase that mediates the deg-
radation of a number of oncoproteins. We found 
that deficiency of miR-182 increased FBW7 
expression which leads to reduction of Mcl-1, 
cyclin E and Notch protein levels.

Another important finding of this study is the 
less sensitivity of miR-182-KO cells to hypoxia. 
Hypoxia in cancer cells up-regulates the expres-
sion of HIF-1α to adapt this hypoxia stress and 
subsequently HIF-1α induces the production of 
angiogenic factors like VEGF-A to trigger angio-
genesis to provide oxygen and nutrient and to 
sustain tumor growth [21]. HIF-1α activity is 
regulated by prolyl hydroxylase enzymes (PHD) 
[21, 22]. In the presence of oxygen, PHD en- 
zymes hydroxylate HIF1α and facilitates the 
binding of HIF-1α to the von Hippel-Lindau 
(VHL) E3 that ubiquitinates and degrades HIF1α 
[23, 24]. Under oxygen deprivation, PHD enzy- 
mes decrease HIF-α hydroxylation and results 
in HIF-α accumulation and nuclear transloca-
tion to activate gene transcription and angio-

Figure 6. Knockout miR-182 reduces tumor growth in vivo. A. Nude mice 
were injected s.c. with 4×106 WT or miR-182-KO U87 cells. Three weeks 
later, tumor volume was calculated. B. Penetrative tumors at the end of the 
experiment. C. The levels of FBW7 and Mcl-1 in tumors were determined 
by Western blot. N=5 mice per group. Statistical significance of results was 
evaluated by student’s t-test. *P<0.05.

strated miR-182 inhibition 
induced FBW7/Mcl-1-depen- 
dent apoptosis in glioma cells. 

Deficiency of miR-182 re-
duces tumor growth 

To evaluate the potential role 
of miR-182 in vivo, nude mice 
were subcutaneously inocu-
lated with WT or miRNA-182- 
KO U87 cells. The tumor vol-
ume of the miR-182-KO group 
was significantly smaller than 
that of the control group (Fig- 
ure 6A and 6B). Consistently, 
protein levels of FBW7 were 
also up-regulated in miR-182-
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genesis [24]. However, miR-182 knockout cou- 
ld significantly decrease HIF-α protein under 
hypoxia. These data suggested that HIF-1α  
may be a degradation substrate of FBW7 and 
miR-182 could potentiate the hypoxia-induced 
HIF-α by suppressing FBW7. Our hypothesis is 
also supported by two previous studies show-
ing that FBW7 is involved in the degradation of 
HIF-α [25, 26]. 

Among the angiogenic factors investigated, 
VEGF-A was up-regulated by miR-182 in hypox- 
ia condition. We also demonstrated that the 
dramatic increase of HIF-α in miR-182-overex-
pressing cancer cells produced a large amount 
of VEGF-A in vitro. Results of our study support 
the notion that miR-182 controls the HIF-α/
VEGF-A axis to enhance tumor angiogenesis. 
The crosstalk between HIF-α and miR182 is 
more complex than expected. In hepatocellular 
carcinoma (HCC), hypoxia induces HIF α-de- 
pendent miR-182 expression and promotes 
angiogenesis by targeting RASA1 suggesting 
HIF-α is an upstream regulator of miR-182 [27]. 
Another study also indicated that miR-182 was 
regulated by HIF-α in prostate cancer and tar-
geted PHD2 and FIH1, two negative regulators 
of HIF-α. 

In conclusion, results of our study imply a posi-
tive feedback loop may exist in GBM cells to 
amplify miR-182 and HIF-α signaling in the 
cells. Collectively, we conclude that miR-182 
serves as an oncogenic miRNA in glioma and 
may target multiple genes to promote glioma 
tumorigenesis. 
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