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Abstract: The feature of imperfect complementary effect of miRNAs to mRNAs implies that miRNAs may simultane-
ously target different mRNAs to affect multiple aspects of tumorigenesis. In our previous results, we demonstrated 
that miR-182 was over-expressed in breast cancer cell lines and clinical tumor tissues and its up-regulation in-
creased tumorigenicity and invasiveness by repressing a tumor suppressor RECK. In this study, we showed that 
overexpression miR-182 regulated actin distribution and filopodia formation to increase invasiveness of breast 
cancer cells. In addition, miR-182 enhanced cell cycle progression and proliferation. We further identified the E3 
ubiquitin-protein ligase FBXW7 as a target gene of miR-182. We also demonstrated that miR-182-overexpressing 
cells were highly sensitive to hypoxia. Under hypoxic condition, HIF-1α and VEGF-A proteins were significantly upreg-
ulated in these cells. In addition, the conditioned medium of miR-182-overexpressing cells contained more VEGF-A 
than the control cells and induced angiogenesis more efficiently in vitro. All these effects could be counteracted 
by ectopic expression of FBXW7 in cells or neutralization of VEGF-A in the conditioned media by specific antibody. 
Finally, our data showed that miR-182 expression was inversely correlated with FBXW7 in breast tumor tissues. In 
conclusion, our study explores a novel mechanism by which miR-182 elevates HIF-1α expression to promote breast 
cancer progression.
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Introduction

MiRNAs are endogenous 21-24 nucleotide sin-
gle-stranded noncoding RNAs, that bind to the 
3’-untranslated region (3’-UTR) of multiple tar-
get mRNAs via imperfect complementary ma- 
tch to decrease protein expression by either 
translation repression or mRNA cleavage [1-3]. 
Recent studies demonstrated that miRNAs par-
ticipate in diverse biological processes, includ-
ing cellular proliferation, apoptosis, tissues ho- 
meostasis, organ development and human dis-
eases. In cancers, miRNAs may function as tu- 
mor suppressors by inhibiting the expression  
of cellular oncogenes or tumor promoters by 
targeting tumor suppressor genes [4-7].

MiR-182 is a member of the miR-96-182-183 
cluster. This miRNA cluster is located on the 
chromosome 7q32.2 and is highly expressed in 
the retina during embryo development [8]. The 
functional importance of miR-182 in the regula-
tion of retina formation was further confirmed 
in animal study [8, 9]. Recent investigation 
demonstrated that the miR-96-182-183 cluster 
also plays an important role in ear development 
[10]. The potential oncogenic activity of miR-
182 was firstly shown in human melanoma 
[11]. MiR-182 was found to be up-regulated in 
melanoma and repressed tumor suppressors 
Forkhead box O3 (FOXO3) and microphthalmia-
associated transcription factor (MITF) to pro-
tect cancer cell from apoptosis and to promote 
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cell invasion. Subsequent studies confirmed 
that miR-182 was overexpressed in many can-
cers and revealed a number of downstream  
targets affected by miR-182 to promote tumo- 
rigenesis [12-19]. Overexpression of miR-182 
has been reported in breast cancer and this 
miRNA affects cell survival, migration and the 
DNA damage response by inhibiting FOXO1, 
MIM (Missing in metastasis), MTSS1 (Metasta- 
sis suppressor 1), and BRCA1 (Breast cancer  
1) [20-23]. Our previous results also demon-
strated that miR-182 was overexpressed in 
breast cell lines and tumor tissues and its 
expression was associated with various clinico-
pathological features of breast cancer patients. 
More importantly, we identified the endoge-
nous matrix metalloproteinase (MMP) inhibitor 
RECK as a novel target of miR-182 to enhance 
the aggressive phenotypes of cancer cells [24].

F-box and WD repeat domain-containing 7 (FB- 
XW7) is a component subunit of the SKP1-cul- 
lin-F-box (SCF) ubiquitin protein ligases which 
mediate the ubiquitination and degradation of 
a number of oncoproteins including cyclin E, 
Notch, c-Myc etc [25-28]. The conserved C-ter- 
minus region of FBXW7 protein contains (1) 
eight WD40 domain for substrate binding, (2) 
F-box domain for the binding with Skp1 of the 
SCF complex and (3) D domain for FBXW7 
dimerization [29, 30]. The variable N-terminus 
contains different signal sequences that may 
localize three splicing isoforms (α, β and γ) to 
different cellular compartments to mediate 
their biological effects. Because most of the 
substrates of FBXW7 are oncoproteins, FBXW7 
has been suggested to act as a tumor suppres-
sor. Indeed, down-regulation, mutation or de- 
letion of this gene was frequently found in dif-
ferent cancers. Inactivation of FBXW7 by muta-
tion or deletion occurs only in a small portion 
(about 6-30%) of cancer patients [31-34] and 
many cancers like ovarian, lung and colon can-
cer rarely exhibit FBXW7 mutations [35-37]. 
Recent studies suggested that down-regulation 
of FBXW7 due to dysregulation of upstream  
signaling molecules and transcription factors 
(like p53, C/EBP-δ) or up-regulation of miRNAs 
seems to be a major cause of the reduction of 
FBXW7 protein in tumor tissues [38-42]. In this 
study, we investigated the effect of miR-182 on 
the proliferation and invasion of breast can- 
cer and identified FBXW7 as a direct target of 
miR-182. In addition, we demonstrated for the 
first time that hypoxia-induced vascular endo-
thelial growth factor-A (VEGF-A) production and 

angiogenesis was significantly enhanced in 
miR-182-overexpressing cells. Collectively, our 
results suggested that miR-182 is an onco- 
genic miRNA in breast cancer cells and pro-
motes tumorigenesis by increasing prolifera-
tion, invasion and angiogenesis.

Materials and methods

Cell culture and treatment

H184B5F5/M10 human mammary epithelial 
cells were purchased from Bioresource Colle- 
ction and Research Center (Hsinchu, Taiwan) 
and were cultured in Dulbecco’s modified 
Eagle’s medium/F-12 medium containing 10% 
fetal calf serum (FCS) and antibiotics. MCF-7 
breast cancer cell was obtained from the  
same resource and were cultured in Dulbecco’s 
modified Eagle’s medium containing 10% FCS 
and antibiotics. EA. hy926 human endothe- 
lial cell line was kindly provided by Dr. Ming-
Hong Tai (National Sun Yat-Sen University, Kao- 
hsiung, Taiwan). For hypoxia study, cells were 
incubated in a hypoxic chamber with 1% O2  
for different times before harvest for analysis.

Establishment of stable cell lines

H184B5F5/M10 normal human mammary epi-
thelial cells were transfected with pCMV-
miR-182 expression vector (Origene, Rockville, 
MD) for 48 h and selected in medium contain-
ing G418 (1 mg/ml) for 3 weeks. A stable cell 
line named as M10-miR-182 with highest miR-
182 expression determined by real-time PCR 
(data not shown) was generated and was used 
for the comparison with the control cell line 
transfected with pCMV-MIR control vector. We 
also transfected miR-182 sponge construct 
into MCF-7 cell line, which expressed high level 
of miR-182, to inhibit miR-182 expression [43]. 
A stable cell line named as MCF-7-sponge with 
lowest miR-182 expression was established  
by continuous selection in medium containing 
puromycin (1 ug/ml) and was used for the  
comparison with the control cell line transfect-
ed with the control pGIPZ vector.

Transfection and electroporation

Transfection of cells was conducted by using 
the GeneIn reagent (Amsbio, Cambridge, MA) 
according to manufacturer’s instructions. FB- 
XW7-FLAG expression vector was kindly pro- 
vided by Dr. Welcker (Fred Hutchinson Cancer 
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Research Center, USA). FBXW7 siRNA (Santa 
Cruz, Dallas, TX) was delivered by Neon Elec- 
troporation system (Thermo, Walthem, MA) ac- 
cording to manufacturer’s instructions.

Immunofluorescent staining

Cells were seeded on cover slides. After 24 h, 
cells were fixed in 4% paraformaldehyde in 
phosphoate-buffered saline (PBS) for 10 min, 
permeabilized with 1% Triton X-100 for 10 min 
and blocked with 5% bovine serum albumin  
in PBS for 30 min. Cells were washed twice  
in PBS, incubated with the Alexa-Fluor 594 
Phalloidin (Invirtogen, Carlsbad, CA) for 30 min 
according to the manufacturer’s protocol and 
imaged with a Leica DMI 4000 fluorescent 
microscope (Wetzlar, Germany).

Transwell invasion assay

In vitro invasion assays were performed by 
using 24-well transwell units. The upper and 
lower units were separated by polycarbonate 
filters (pore size of 8 μm) and the upper unit 
was pre-coated with Matrigel (BD Bioscience, 
San Jose, CA). Cells (1×104) in 100 μl of se- 
rum-free medium were seeded onto upper 
wells. The lower units were filled with 10% FCS 
medium. After 24 h, cells on the upper part  
of the membrane were removed with a cotton 
swab. Invaded cells on the bottom surface of 
the membrane were fixed in formaldehyde, 
stained with Giemsa solution, and counted 
under a microscope.

Clonogenic and cell proliferation assay 

5×103 cells were seeded on 6-well plates and 
the colonies grown on the plates after one 
week were stained with Giemsa solution, and 
quantified by using the Image ProPlus software. 
For proliferation assay, cells were seeded on 
24-well plates and cell growth was assessed  
at 24, 48, 72 h after seeding. Cells were incu-
bated with 200 ul of MTT reagent at 37°C for  
4 h and dissolved by DMSO. The signal inten- 
sity was detected by using an ELISA reader  
with a wave length of 570 nm.

Flow cytometry

The stable cell lines were collected by cell dis-
sociation buffer and fixed by 70% ethanol in 
-20°C overnight. In the next day, cells were 

stained by 25 ug propidium iodide in the pres-
ence of RNase 100 mg/ml for 30 min at 37°C. 
The percentage of cells in different phases of 
cell cycle was determined by flow cytometer.

Bioinformatics prediction

We used different public databases including 
miRWalk, TargetScan and Pictar to identify the 
crucial tumor suppressor genes that are target-
ed by miR-182 and confirmed the expression  
of these target genes in the stable cell lines 
H184B5F5/M10-miR-182 and MCF7-Sponge.

Reverse-transcription polymerase chain reac-
tion (RT-PCR) and real-time PCR 

Total RNA was isolated from cells by Total  
RNA Mini kit (Geneaid, New Taipei City, Taiwan) 
and reverse-transcribed into cDNA by M-MLV 
reverse transcriptase (Promega, Madison, WI). 
Real-time PCR was quantified by GoTaq qPCR 
master mix (Promega, Madison, WI). Glyceral- 
dehyde-3-phosphate dehydrogenase (GAPDH) 
was used as an internal control to check the 
efficiency of cDNA synthesis and PCR amplifi- 
cation. The sequence of primers used are FB- 
XW7 forward: 5’-CGTTGCAGGGGCATACTAAT-3’ 
and FBXW7 reverse: 5’-ATGCAATTCCCTGTCTC- 
CAC-3’; VEGF-A forward: 5’-AAGGAGGAGGGCA- 
GAATCAT-3’ and VEGF-A reverse: 5’-ATCTGCAT- 
GGTGATGTTGGA-3’; VEGF-C forward: 5’-GCCA- 
ACCTCAACTCAAGGAC-3’ and VEGF-C reverse: 
5’-CCCACATCTG TAGACGGACA-3’; VEGF-D for-
ward: 5’-CATCCCATCGGTCCACTAGG-3’ and VE- 
GF-D reverse: 5’-GGGCTGCACTGAGTTCTTTG-3’; 
GAPDH forward: 5’-AAGGCTGGGGCTCATTTGC- 
3’ and GAPDH reverse: 5’-GCTGATGATCTTGA- 
GGCTGTTG-3’.

Western blotting analysis

Cellular lysates were harvested in lysis buffer 
containing protease inhibitors (50 mM Tris-HCl 
buffer, pH 7.4, 150 mM NaCl, 5 mM EDTA, 50 
mM NaF, 1% Triton X-100, 1 mM phenylmethyl-
sulphonyl fluoride, 1 mg/ml aprotinin, 2 µg/ml 
pepstatin A, 2 µg/ml leupeptin and 1 mM sodi-
um pervanadate) at 4°C for 10 min. Cellular 
lysates were subjected to centrifugation at 
13000 rpm at 4°C for 5 min and supernatant 
protein concentrations were normalized by BCA 
protein assay. Cellular proteins were boiled in 
SDS-PAGE sample buffer, separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) 
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and then transferred to nitrocellulose paper. 
Membranes were blocked with nonfat dry  
milk in Tris-buffered saline containing 0.05% 
Tween 20 (TBST) and then incubated with pri-
mary antibodies against FBXW7, Cyclin E (Santa 
Cruz, Dallas, TX), Notch (Abcam, Cambridge, 
UK), FLAG (Sigma, St. Louis, MO), HIF1-α and 
VEGF-A (Genetex, Irvine, CA) and actin (Milli- 
pore, Temecula, CA). After washing with TBST, 
the blots were incubated with secondary anti-
bodies for 1 h, developed by ECL reagent  
and visualized under UVP iospectrum 600. For 
the detection of secreted VEGF-A, condition- 
ed medium were collected from cells cultured 
in normoxia or hypoxia conditions for 24 h  
and were centrifuged to remove cell debris.  
The conditioned media were concentrated by 
Amicon Ultra-0.5 centrifugal filter with 3KDa 
(Millipore, Temecula, CA) and were boiled in 
SDS-PAGE sample buffer. After SDS-PAGE sep-
aration, secreted proteins were transferred to 
nitrocellulose paper and probed with VEGF-A 
antibody.

3’-UTR reporter and dual-luciferase assay

Cells were transfected with 3’-UTR reporter  
of FBXW7 (Genecopoeia, Rockville, MD). Muta- 
tions were introduced into the two predict- 
ed binding sites (TTGCCAA) of miR-182 using 
QuikChange Lightning site-directed mutage- 
nesis kit (Agilent Technologies, Santa Clara, CA) 
to mutate the two targeting sequence 5’-TT- 
GCCAACCATTGCCAA-3’ to 5’-TTGCCGACCAGG- 

GCCAA-3’ (in which three nucleotides indica- 
ted by boldface were mutated). After 48 h,  
the medium was removed and the cells were 
washed by cold PBS. Cells were detached by 
0.05% trypsin-EDTA and were collected by  
centrifuged at 1500 rpm for 5 min. Cells were 
then dissolved in Passive Lysis Buffer (Pro- 
mega, Madison, WI) and 20 μl of cell lysate  
was transferred into luminometer plate. Lucife- 
rase activity and Renilla luciferase activity (as 
an internal control) were measured by a Lumi- 
nometer (BERTHOLD, CentroPRO LB 962 Mi- 
croplate Luminometer). FBXW7 3’-UTR reporter 
activity was normalized by Renilla luciferase 
activity and the results from three independent 
assays in different cell lines were compared.

Tube formation assay

For tube formation assay, 70 ul of ice cold 
matrigel (BD) was added to a pre-chilled 96- 
well and allowed to gelation at 37°C for 30  
min. Conditioned medium were collected from  
cells cultured in normoxia or hypoxia condi- 
tions for 24 h and antibody neutralization was 
performed by the control IgG or anti-VEGF-A 
antibody. Finally, EA-hy926 cells (5×103/well) 
was seeded into plates and the images of  
tube formation was taken by Leica DMI 4000 
phase-contrast microscope (Leica Microsys- 
tems, Germany) with contrast objective after  
6 h. Nodule number, tube area and tube leng- 
th were quantified and analyzed by using the 
NIH ImageJ software.

Breast tumor tissues

Forty-five paired normal adjacent and breast 
tumor tissues were collected at the Depart- 
ment of Surgery, Chung-Ho Memorial Hospital, 
Kaohsiung Medical University with approval 
from the Internal Review Board and inform- 
ed consent from all patients. Detailed data  
of patient and tumor-related variables were 
obtained by reviewing the patients’ medical 
charts. All of the patients received primary sur-
gical treatment and the pathologic features 
were shown in Table 1. Tissues were quickly 
placed into the RNAlater solution (Ambion) and 
were subjected for RNA isolation by using TRI- 
zol reagent (Invitrogen). The expression of miR-
182 and FBXW7 was determined by real-time 
RT-PCR as mentioned above.

Table 1. Association of miR-182 with FBXW7 
and clinicopathological parameters of breast 
cancer

miR-182
≤1.5 >1.5 p value

FBXW7 Normal 5 6 0.01*
Reduced 4 30

Histological grade I 4 16 0.64
II 3 8
III 2 12 0.42

ER + 2 28 0.001**
- 7 8

PR + 1 25 0.001**
- 8 11

HER-2 ≥3 7 24 0.66
<3 2 10
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Statistical analysis

Appropriate statistical analyses were perform- 
ed by using Graphpad Prism 5 (Version 5.04, 
Graphpad Software, Inc., La Jolla, CA, USA). For 
statistical analyses, Student’s t-test and Chi-
squared test were used. A p value less than 
0.05 was considered statistically significant.

Results

Overexpression of miR-182 affects the mor-
phology and actin distribution of breast cancer 
cells

We had previously demonstrated that miR-182 
was overexpressed in breast tumor tissues 
[24]. Among the breast cancer cell lines test- 
ed, MCF-7 cells expressed the highest level of 
miR-182 [24]. To address the functional role  

of miR-182 in normal breast epithelial cells  
and cancer cells, we ectopically expressed  
miR-182 in normal H184B5F5/M10 breast  
epithelial cells to generate H184B5F5/M10-
miR-182 clone. In addition, we established 
MCF-7-Sponge stable clone by overexpressing 
miR-182 sponge to inhibit endogenous miR-
182 in MCF-7 cells. The miR-182 expression 
level was verified by real-time PCR (data not 
shown). H184B5F5/M10 cells showed a typi- 
cal epithelial morphology while H184B5F5/
M10-miR-182 cells exhibited spindle-like phe-
notype with loose cell-cell contact (Figure 1A). 
Although the morphology of MCF-7-Sponge 
cells did not show a significant difference to  
the parental MCF-7 cells that exhibited typi- 
cal mammary epithelial morphology, we found 
that MCF-7-Sponge cells were tightly cohesive 
and the cell-cell contact was very close (Figure 

Figure 1. Overexpression of miR-182 affected the morphology and actin distribution of breast cancer cells. A. The 
morphology of H184B5F5/M10 and H184B5F5/M10-miR-182 cells. B. The morphology of MCF-7 and MCF7-
Sponge cells. C. Immunofluorescent staining showed the alteration of cytoskeleton structure in H184B5F5/M10-
miR-182 cells with enriched filopodia. D. The change of cytoskeleton structure in MCF-7 sponge cells compared to 
MCF-7 cells. E. H184B5F5/M10-miR-182 cells exhibited higher invasive ability than the parental H184B5F5/M10 
cells. F. MCF7-Sponge cells showed reduced invasiveness than MCF-7 cells. **P<0.01.
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Figure 2. Overexpression of miR-182 increased cell cycle progression, proliferation and clonogenicity of breast cancer cells. A. Overexpression of miR-182 signifi-
cantly increased the population of cells at the S and G2/M phase in H184B5F5/M10-miR-182 cells. B. Proliferation was significantly increased in H184B5F5/M10-
miR-182 cells. C. H184B5/F5/M10-miR-182 cells exhibited higher clonogenicity than the parental H184B5F5/M10 cells. D. Knockdown of miR-182 reduced the 
population of cells at the S and G2/M phase in MCF-7 cells. E. Kncodown of miR-182 decreased the growth of MCF-7 cells. F. MCF7-Sponge cells showed reduced 
clonogenicity than that of MCF-7 cells. **P<0.01 and *P<0.05. 
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1B). We investigated the actin distribution by 
phalloidin staining. As Figure 1C and 1D, H1- 
84B5F5/M10-miR-182 cells showed enriched 
filopodia and less stress fiber when compared 
to the control H184B5F5/M10 cells. Converse- 
ly, knockdown of miR-182 in MCF-7 cells incre- 
ased stress fiber formation. Cell invasion as- 
says confirmed that overexpression of miR- 
182 enhanced cell invasive ability in normal 
H184B5F5/M10 breast epithelial cells while 
inhibition of miR-182 reduced invasiveness of 
MCF-7 cells (Figure 1E and 1F). These data 
indicated that miR-182 overexpression chang- 
ed cytoskeleton formation and enhanced mo- 
tility of breast cancer cells.

MiR-182 enhanced cell cycle progression, pro-
liferation and clonogenicity of breast cancer 
cells

We next investigated the effect of miR-182 on 
cell growth. Flow cytometry analysis demon-
strated that significant increase of cells at the S 
phase and G2/M phases were found in 
H184B5F5/M10-miR-182 cells suggesting that 
overexpression of miR-182 enhanced cell cycle 
progression (Figure 2A). In consistent with this 
data, proliferation of H184B5F5/M10-miR-182 
was higher than that of H184B5F5/M10 cells 
(Figure 2B). In addition, the clonogenicity of 
H184B5F5/M10-miR-182 was also increased 

Figure 3. FBXW7 was targeted by miR-182. A. FBXW7 mRNA and protein levels were detected in normal mammary 
epithelial cells and different breast cancer cell lines. B. Overexpression or knockdown of miR-182 could inhibit or 
increase the protein level of FBXW7 but not the mRNA level. C. The miR-182 targeting sequence in the FBXW7 3’UTR 
was shown and mutagenesis was performed to change the three nucleotides underlined (upper panel). Wild type or 
mutated FBXW7 3’UTR reporters were transfected into H184B5F5/M10 and H184B5F5/M10-miR-182 cells and 
the reporter activities were compared (left panel). In addition, the control reporter vector (pEZX) or FBXW7 3’UTR re-
porter vector was transfected into H184B5F5/M10-miR-182 cells and the reporter activities were compared (right 
panel). D. The control reporter vector (pEZX) or FBXW7 3’UTR reporter vector was transfected into MCF-7 or MCF-7 
Sponge cells and the reporter activities were compared. ***P<0.001, **P<0.01 and *P<0.05. 
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(Figure 2C). On the contrary, inhibition of miR-
182 in MCF-7 cells decreased the proportion of 
cells at S and G2/M phase that was accompa-
nied with reduced cell proliferation and clono-
genicity (Figure 2D-F). Our results suggested 
that miR-182 acted as an oncogenic miRNA 
and simultaneously enhanced growth and inva-
siveness of breast cancer cells.

FBXW7 was targeted by miR-182

Because miR-182 is an oncogenic miRNA in 
breast cancer, we used bioinformatics analysis 
to search the tumor suppressor genes which 
could be targeted by this miRNA and identified 
FBXW7, a component of the E3 ubiquitin-pro-
tein ligase that mediates the degradation of 
various oncoproteins, as a potential target 
(Supplementary Figure 1). We analyzed the 
expression of FBXW7 in different breast cancer 
cell lines. The expression of FBXW7 mRNA and 
protein was down-regulated in MDA-MB-231 
and SKBR3 cells possibly caused by transcrip-
tional inhibition (Figure 3A). Interestingly, we 
found that the FBXW7 mRNA level was similar 
in normal H184B5F5/M10 breast epithelial 
cells and MCF-7 cells. However, the FBXW7 pro-
tein level was significantly reduced in MCF-7 
cells suggesting that FBXW7 might be regulat-
ed via post-transcriptional regulation by miRNA 
(Figure 3A). Overexpression of miR-182 in 
H184B5F5/M10 cells reduced FBXW7 pro- 
tein level but not mRNA (Figure 3B). Con- 
versely, inhibition of miR-182 increased FBXW7 
protein level in MCF-7 cells. We further verified 
miR-182 could target FBXW7 directly by using 
FBXW7 3’UTR reporter assay. As shown in 

in MCF-7-Sponge cells indicating that miR-182 
could direct target FBXW7 and suppression of 
miR-182 could relieve the inhibitory effect.

Our data also demonstrated that reduction of 
FBXW7 by miR-182 in H184B5F5/M10 cells 
was accompanied with increase of FBXW7 deg-
radation substrates cyclin E and Notch (Figure 
4A). In contrast, inhibition of miR-182 in MCF-7 
by miRNA sponge significantly increased FBX- 
W7 protein level and reduced cyclin E and 
Notch (Figure 4A). When we depleted FBXW7 
by siRNA in H184B5F5/M10 cells, we found  
the increase of cyclin E and Notch (Figure 4B). 
In addition, the increase of colony formation 
induced by miR-182 overexpression in H184B- 
5F5/M10 cells was also reversed by FBXW7 
(Supplementary Figure 2). Conversely, ectopic 
expression of FBXW7 induced the down-regula-
tion of cyclin E and Notch in MCF-7 cells. These 
data suggested that miR-182 directly sup-
pressed FBXW7 and consequently increased 
the oncoproteins (cyclin E and Notch) to pro-
mote cell growth and clonogenicity.  

MiR-182 enhanced hypoxia-induced HIF-1α 
expression and angiogenesis

In addition to growth advantage, we tested  
the response of miR-182-overexpressing  
cells to extracellular stimuli. Under normoxia, 
H184B5F5/M10 cells did not express HIF-1α 
protein and overexpression of miR-182 also  
did not affect the HIF-1α protein level (Figure 
5A). However, hypoxia induced a significant 
increase of HIF-1α in H184B5F5/M10-miR-182 
cells while it only up-regulated HIF-1α margin-
ally in H184B5F5/M10 cells (Figure 5A). This 

Figure 4. MiR-182 affected the protein level of two FBXW7 degradation sub-
strates cyclin E and Notch. A. The protein level of FBXW7, cyclin E and Notch 
were investigated in different cell lines. B. Knockdown of FBXW7 by siRNA 
(FBSi) in H184B5F5/M10 cells or ectopic expression of FBXW7 (FBXW7 ex-
pression vector, FBEX) in MCF-7 cells modulated the protein level of cyclin E 
and Notch.

Figure 3C, the FBXW7 3’UTR 
reporter activity of H184B5- 
F5/M10-miR-182 cells was 
decreased by 30-40% when 
compared to the control cells 
and mutation of the two miR-
182-binding sites abolished 
the miR-182-repressed re- 
porter activity. We next trans-
fected FBXW7 3’UTR repor- 
ter into MCF-7 cells which 
expressed high level of en- 
dogenous miR-182 and found 
that the reporter activity was 
repressed (Figure 3D). How- 
ever, the activity of FBXW7 
3’UTR reporter was reversed 
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Figure 5. MiR-182 enhanced hypoxia-induced HIF-1α expression and angiogenesis. A. H184B5F5/M10 and H184B5F5/M10-miR-182 cells were cultured in nor-
moxia and 1% O2 for 24 h and the protein level of FBXW7 and HIF-1α was investigated by western blot analysis. B. H184B5F5/M10, H184B5F5/M10-miR-182 and 
H184B5F5/M10-miR-182 cells transfected with FBXW7 (182-FBXW7) were cultured in normoxia and 1% O2 for 24 h. Total RNAs were isolated and the expression 
of VEGF-A, -C, and -D was studied by real-time RT-PCR. C. Cells were treated as described in B and the protein level of HIF-1α, FBXW7 and secreted VEGF-A was 
detected by Western blot analysis. D. H184B5F5/M10 and H184B5F5/M10-miR-182 cells were cultured in 1% O2 for 24 h. The conditioned media were collected 
and were used to treat endothelial cells (lane 1 and 2). The conditioned media of hypoxia-treated H184B5F5/M10-miR-182 cells were also incubated with control 
IgG or anti-VEGF-A antibody before treating endothelial cells (lane 3 and 4). The conditioned media of H184B5F5/M10-miR-182 cells transfected with FBXW7 ex-
pression vector were collected to treat endothelial cells (lane 5). Results from three independent assays were expressed as Mean ± SE. **P<0.01 and *P<0.05.
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result suggested that H184B5F5/M10-
miR-182 cells are very sensitive to hypoxia.

It is well-know that HIF-1α induces VEGF expres-
sion to promote tumor angiogenesis. Because 
HIF-1α was significantly up-regulated in miR-
182-verexpressing cells, we detected the 
mRNA level of several crucial angiogenesis fac-
tors including VEGF-A, -C and -D by real-time 
PCR in these cells. Among them, only VEGF-A 
was significantly up-regulated in hypoxia condi-
tion (Figure 5B). Overexpression of miR-182 
promoted VEGF-A expression which could be 
blocked by re-expressing FBXW7 (Figure 5B). 
Similar to the change of mRNA level, miR-182 
overexpression significantly enhanced hypoxia-
induced VEGF-A production which could be sup-
pressed by FBXW7 re-expression (Figure 5C). 
We further conducted the tube formation assay 
and measured the number of junctions in the 
tube network (number of nodes), the area of 
tube network enclosed by tube (tube area) and 
the linear length of the tubes (tube length) to 
test the angiogenic activity of the conditioned 
medium collected from parental and miR-
182-overexpressing cells. As shown in Figure 
5D, the conditioned medium of H184B5F5/
M10-miR-182 cells was much more effective in 
the induction of tube formation than that of 
H184B5F5/M10 cells and this angiogenic 
activity was significantly inhibited by depletion 
of VEGF-A in the conditioned medium by neu-
tralizing antibody (Figure 5D). Ectopic expres-
sion of FBXW7 in H184B5F5/M10-miR-182 
cells also reduced VEGF-A production and  
the angiogenic activity of the conditioned 
medium.

Expression of miR-182 was inversely corre-
lated with FBXW7

To further verify the association between miR-
182 and FBXW7, we analyzed the expression of 
miR-182 and FBXW7 in forty-five paired breast 
tumor tissues by real-time PCR. Our data dem-
onstrated that miR-182 up-regulation was cor-
related with FBXW7 down-regulation (P=0.01). 
Interestingly, a positive association between 
miR-182 and estrogen receptor (ER) and pro-
gesterone receptor (PR) was found, especially 
in ER and PR positive cases (Table 1).

Discussion

In our previous study, we demonstrated that 
miR-182 was over-expressed in breast cancer 

cell lines and tumor tissues [24]. To further elu-
cidate the function of miR-182, we establish- 
ed stable cell lines with overexpression or 
knockdown of miR-182. We found that overex-
pression or knockdown of miR-182 significant- 
ly altered the morphology of breast cancer  
cell lines by altering cytoskeleton distribution. 
Furthermore, miR-182 significantly increased 
the proliferation, invasion and clonogenicity  
of breast cancer cell lines. These data suggest-
ed that miR-182 acts as an oncogenic miRNA  
in breast cancer cells and may affect multi- 
ple functions in cells. 

We also identified an important target FBXW7 
of miR-182 in breast cancer cells. FBXW7 is  
a crucial component of the SCF E3 ubiquitin-
protein ligase that mediates the degradation  
of a number of oncoproteins. Although a pre- 
vious study had demonstrated that miR-96  
and miR-182, two members of the miR-96-182-
183 cluster, could inhibit FBXW7 and INSIG-2 
to up-regulate the sterol regulatory element-
binding proteins to modulate intracellular lipid 
homeostasis [44], the contribution of the miR-
182-FBXW7 axis in breast carcinogenesis is 
still unclear. We found that miR-182 inhibits 
FBXW7 which leads to increased cyclin E and 
Notch protein levels. This increase may be 
associated with cell proliferation and clonoge-
nicity. To further confirm the correlation be- 
tween miR-182 and FBXW7, we analyzed the 
expression of miR-182 and FBXW7 in forty-five 
paired breast tumor tissues by real-time PCR. 
Indeed, we found that miR-182 is negatively 
associated with FBXW7 (Table 1). Interestingly, 
we also found a positive correlation between 
miR-182 and ER and PR. It is possible that  
miR-182 expression may be regulated by th- 
ese hormone receptor as suggested in previ-
ous studies [45, 46].

Another important finding of our study is  
the hypersensitivity of miR-182-overexpressing 
cells to hypoxia. When tumor grows to a criti- 
cal size, its central region becomes a hypoxic 
microenvironment that results from higher oxy-
gen consumption and aberrant development  
of blood vessels in tumors. Hypoxia in cancer 
cells up-regulates the expression of HIF-1α to 
adapt this hypoxia stress and subsequently 
HIF-1α induces the production of angiogenic 
factors like VEGF-A to trigger angiogenesis to 
provide oxygen and nutrient and to sustain 
tumor growth. HIF-1α activity is regulated by 
prolyl hydroxylase enzymes (PHD). In the pres-
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ence of oxygen, PHD enzymes hydroxylate HIF-
1α and facilitates the binding of HIF-1α to the 
von Hippel–Lindau (VHL) E3 ubiquitin ligase 
complex that ubiquitinates and degrades HIF-
1α. Under oxygen deprivation, PHD enzymes 
decrease HIF-α hydroxylation and results in 
HIF-α accumulation and nuclear translocation 
to activate gene transcription and angiogene- 
sis [47, 48]. We demonstrated that HIF-1α  
was not expressed in the H184B5F5/M10 and 
H184B5F5/M10-miR-182 cells under normox-
ia condition. However, miR-182 overexpression 
could significantly increase HIF-α protein under 
hypoxia and this induction was repressed by  
re-expression of FBXW7. These data suggest- 
ed that HIF-1α is the degradation substrate  
of FBXW7 and miR-182 could potentiate the 
hypoxia-induced HIF-α by suppressing FBXW7. 
Our hypothesis is also supported by two previ-
ous studies showing that FBXW7 is involved  
in the degradation of HIF-α [49, 50].

Among the angiogenic factors investigated, 
only VEGF-A was up-regulated by miR-182 in 
hypoxia condition. We also demonstrated that 
the dramatic increase of HIF-α in miR-182- 
overexpressing cancer cells produced a large 
amount of VEGF-A which triggered tube forma-
tion of endothelial cells more efficiently in vitro. 
Moreover, we showed that the angiogenic activ-
ity was inhibited by depletion of VEGF-A in the 
conditioned medium or ectopic expression of 
FBXW7 to antagonize the miR-182 inhibition. 
Recently, a study demonstrated that knock-
down of miR-182 in colon cancer cells could 
inhibit several genes including HIF-α and 
VEGF-A [51]. Results of our study support the 
notion that miR-182 controls the HIF-α/VEGF-A 
axis to enhance tumor angiogenesis.

However, the crosstalk between HIF-α and miR-
182 is more complex than expected. In hepato-
cellular carcinoma (HCC), hypoxia induces HIF-
α-dependent miR-182 expression and pro-
motes angiogenesis by targeting RASA1 sug-
gesting HIF-α is an upstream regulator of miR-
182 [52]. Another study also indicated that 
miR-182 was regulated by HIF-α in prostate 
cancer and targeted PHD2 and FIH1, two nega-
tive regulator of HIF-α. Therefore, overexpres-
sion of miR-182 increased HIF-α protein level 
[53]. Results of our and others studies imply  
a positive feedback loop may exist in breast 
cancer cells to amplify miR-182 and HIF-α  
signaling in the cells. Collectively, we conclude 

that miR-182 acts as an oncogenic miRNA in 
breast cancer and may target multiple genes  
to promote breast tumorigenesis. 
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Supplementary Figure 1. Bioinformatics prediction revealed FBXW7 as a potential target gene of miR-182.

Supplementary Figure 2. MiR-182 increased the colony formation. H184B5F5/M10, H184B5F5/M10-miR-182 
and H184B5F5/M10-miR-182 transfected with FBXW7 expression vector (182-FBXW7) cells were subjected to 
colony formation assay and the number of colonies was counted at 2 weeks after seeding of the cells.


