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Introduction

Breast cancer is a prevalent carcinoma worldwide and, in women, 
has the second highest mortality rate after lung cancer.1 Despite 
advances in genetic and biochemical analyses, which have deci-
phered many specific molecular signatures, a deeper molecu-
lar basis of transformation is still unknown in this tumor.2-5 
Recently, an increasing body of evidence has shown that deregu-
lation of miRNAs is associated with cancer development.4,6-8 
Among them, miR-145 has been found to function as a tumor 
suppressor in a variety of tumors, such as colorectal cancer, renal 
cancer, esophageal cancer, bladder cancer and also breast can-
cer.4,9-16 MiR-145 is downregulated in these tumors, and its over-
expression could affect cell cycle, inhibit proliferation and induce 
apoptosis.17-19

MicroRNAs commonly carry out their functions by targeting 
specific downstream genes, either oncogenes or tumor suppres-
sors. Recent studies have revealed some direct targets of miR-145, 
including fascin homolog 1 (FSCN1),9 mucin-1,20 RTKN,13 YES, 
STAT1,10 OCT4, SOX2, KLF4,21 epidermal growth factor recep-
tor (EGFR), plasminogen activator inhibitor-1 (PAI-1) 22 and 
nucleoside diphosphate linked moiety X-type motif 1 (NUDT1 
or MTH1).23 Furthermore, a recent study has demonstrated the 
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feedforward mechanism between miR-145 and the oncogenic Ras 
signaling, which means Ras activation leads to miR-145 repres-
sion and miR-145 activates targets K-RAS and Ras-responsive 
element-binding protein (RREB1).24 Recent study has indicated 
that miR-145 can be negatively regulated by C/EBPβ through 
AKT pathway.25 We found that p70S6K1 is also a direct target 
of miR-145 in regulating colon cancer growth and angiogenesis.14 
Such evidences support the key role of miR-145 in tumorigenesis. 
However, more targets of miR-145 need to be elicited to unravel 
the complete mechanism.

Angiogenesis is one of the key characteristics of malignant 
tumor.26 A pathway including insulin-like growth factor I (IGF-I), 
insulin receptor substrate 1 (IRS1), Ras mediates vascular endothe-
lial growth factor (VEGF) production, which is crucial in angiogen-
esis.27,28 Interestingly, IGF-I/IRS1 was found to be a predominant 
target of miR-145.29,30 Therefore, it is reasonable to speculate that 
miR-145 regulates the downstream genes of IGF-I/IRS1, including 
N-RAS and VEGF. However, it remains unclear to date whether 
these two genes are direct targets of miR-145 and whether miR-145 
functionally affects angiogenesis. This study seeks to investigate the 
role of miR-145 in breast cancer. We find that miR-145 inhibits 
tumor angiogenesis and growth. In addition, we show that miR-145 
is inversely correlated with the malignant stages of breast cancer.
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MiR-145 targets N-RAS and VEGF-A. To further understand 
molecular mechanism of miR-145 in inhibiting angiogenesis and 
cell invasion, we searched for potential targets of miR-145 using 
the in-lab developed algorithm KeyTar miRNA target prediction 
algorithm. We found that N-RAS and VEGF-A could be the 
potential targets of miR-145 (Fig. 3B). To validate these miR-145 
targets, we established two cell lines stably expressing miR-145 
from MCF7 and MDA-MB-231 cells by lentivirus transduc-
tion (Fig. 3A). Both luciferase activity assays and immunoblot-
ting analysis in BC cells following lentivirus-miR-145 infection 
or miR-145 precursor transfection showed that overexpression 
of miR-145 repressed IRS1, N-RAS and VEGF-A, indicating 
miR-145 directly suppresses N-RAS and VEGF-A, the novel 
two targets and IRS1, the known target (Fig. 3B and C). The 
expression levels of VEGF were also decreased as confirmed by 
semi-quantitative RT-PCR (Fig. 3D) and ELISA analysis (Fig. 
3E). Importantly, the miR-145-mediated repression of VEGF 
expression was reversed by re-expression of N-RAS, suggesting 
the pathway from miR-145 to N-RAS and further to VEGF is 
important (Fig. 3E).

MiR-145 inhibits tumor growth and angiogenesis in vivo. 
To confirm the data obtained from in vitro studies, we then 
subcutaneously injected lentivirus-miR-scr- and lentivirus-miR-
145-transduced MDA-MB-231 cells into nude mice. We found 
that miR-145 expression in breast cancer cells significantly reduced 
xenograft tumor growth and angiogenesis. At 20 d after subcuta-
neous injection, xenografts expressing miR-145 had smaller size 
and lower weight of tumors (Fig. 4A and B). Consistent with pre-
vious studies in reference 31 and 32, we also showed that miR-145 
overexpression inhibited cell proliferation (Fig. 4C), suggesting 
that miR-145 inhibited tumor growth via both anti-angiogenesis 
and anti-proliferation. Histological sections showed that xeno-
grafts derived from miR-145-transduced cells had lower levels of 
microvessel density (MVD) and proliferation rate detected using 
Factor VIII and PCNA antigen, respectively, than the negative 
control (Fig. 4D). Furthermore, quantitative MVD analysis 
and hemoglobin content assay showed significant suppression 
of microvascular density by miR-145 overexpression, confirm-
ing that miR-145 represses angiogenesis in MDA-MB-231 xeno-
grafts (Fig. 4E). In addition, significantly decreased levels of 
N-RAS, p-AKT, mTOR, HIF-1α and VEGFA were detected in 
miR-145-expressing xenografts (Fig. 4F). To further confirm the 
antitumor effect of miR-145, we used MCF-7 stably expression 
miR-145 or miR-scr to perform tumor growth assay. As shown 
in Figure 4G and H, similar results were obtained using MCF7 
cells overexpressing miR-145. Taken together, these results sug-
gest miR-145 inhibits tumor growth and angiogenesis in vivo 
through targeting N-RAS, VEGF-A and their downstream sig-
naling molecules.

Overexpression of N-RAS in miR-145 expression xeno-
grafts rescues miR-145-inhibited tumor repression in vivo. To 
investigate in depth whether miR-145 inhibits tumor growth via 
N-RAS-dependent pathway, we subsequently conducted a series 
of in vitro and in vivo rescue experiments. N-RAS was success-
fully re-introduced into miR-145-overexpressed MDA-MB-231 
cells. N-RAS re-expression could restore the expression of its 

Figure 1. Downregulation of miR-145 in human breast cancer. (A) Path-
ological examination of normal breast tissues and breast tumor tissues 
using H/E staining. Normal breast tissue consisted with well-differenti-
ated gland cells and milk ducts. Magnification: 200x. (B) Northern blot 
analysis shows that miR-145 is expressed at high levels in normal breast 
tissues (N) but at very low levels in breast cancer tissues (T, left part) and 
breast cancer cell lines (right part). C1 to C6 represent MCF7, ZR-75-30, 
T47D, MDA-453, MDA-435 and MDA-231 cells.

Results

MiR-145 is downregulated in human breast cancer. A total of 
23 miRNAs were found to be significantly disregulated between 
normal breast (NC) and breast cancer (BC) tissues by deep 
sequencing. The expression levels of most miRNAs were consis-
tent between NC and BC (Slope = 1, R = 0.8627). Initially, we 
examined the signature of miR-145 in breast cancer samples (T) 
and their matched nonneoplastic (N) tissues (Fig. 1A). We found 
that miR-145 is highly expressed in NC and markedly repressed 
in BC tissues (Fig. 1B), suggesting its role as a tumor suppres-
sor. Consistent with the results from breast cancer tissues, the 
expression levels of miR-145 were greatly downregulated in breast 
cancer cell lines (Fig. 1B).

MiR-145 inhibits angiogenesis and invasion in vitro. Since 
angiogenesis and invasion are key characteristics of malignant 
tumor, we next investigated the effects of miR-145 on tumor 
angiogenesis and invasion in vitro. Tube formation assay using 
endothelial cells showed that miR-145-transfected HUVECs 
presented less tube length, indicating angiogenesis was sup-
pressed (Fig. 2A). Simultaneously, cell invasion assay by Matrigel 
showed less invasive BC cells after miR-145 transfection (Fig. 
2B). The viability of cells was not affected 72 h after the miR-
145 transfection, indicating that the decreased invasion capac-
ity by miR-145 overexpression was not due to the impairment 
of cell viability (Fig. 2C). As functional studies suggested the 
tumor suppressor role of miR-145, we subsequently examined 
the molecular markers of IRS1-N-RAS-VEGF pathway, the key 
pathway regulating tumor angiogenesis. As shown in Figure 
2D, proteins in the pathway, including IRS1, N-RAS, PIK3CA, 
PIK3R1, AKT, p-AKT, mTOR, p70S6K1 and VEGF, were 
induced or activated in all of the six BC cell lines. Since miR-145 
could repress angiogenesis, it is reasonable to speculate that miR-
145 may target the IRS1-N-RAS-VEGF pathway to function as 
a tumor suppressor.
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levels and hormone receptor levels in breast cancer. To the best of 
our knowledge, this study is the first to directly link miR-145 to 
breast cancer angiogenesis and malignancy stages and indicates 
that miR-145 is of considerable diagnostic and therapeutic value 
in breast cancer.

Previous studies showed the apoptosis-inducing properties of 
miR-145 in a variety of cancer cell models, including colorectal 
cancer, esophageal cancer, bladder cancer and other tumors.10,12 
In breast cancer, it is known that miR-145 activates caspase-3 and 
induces apoptosis in CAMA-1, MCF7 and MCF10A cells.13,20,32 
MiR-145 is also found to be significantly underexpressed in the 
triple-negative primary breast cancers.33 Our study demonstrates 
that miR-145 exhibits an inhibitory role of in tumor angiogen-
esis. The link between miRNA and angiogenesis was first iden-
tified by Dews et al. showing that knockdown of miR-17–92 
partly restored the expression of anti-angiogenic thrombospon-
din-1 (Tsp1) and miR-17–92-transduced cells formed larger, 
better-perfused tumors.34 Recent studies have further revealed 
miRNAs that contribute to tumor angiogenesis in vivo, such as 
miR-378, miR-296, miR-9, miR-519 and miR-107.35-39 Those 

downstream proteins, such as p-AKT 
and mTOR (data not shown). 
Re-introduction of N-RAS in miR-
145-treated nude mice significantly 
reversed miR-145-suppressed tumor 
size and weight (Fig. 5A and B). In 
addition, re-expression of N-RAS 
also rescued tumor angiogenesis, 
which was suppressed by miR-145 
overexpression as assessed by immu-
nohistological staining using Factor 
VIII, quantitative MVD analysis 
and hemoglobin content assay (Fig. 
5C and D). These results indicate 
the key role of N-RAS in miR-
145-inhibited tumor growth and 
angiogenesis.

MiR-145 levels inversely cor-
relate with malignancy stages in 
breast tumor. Finally, we examined 
the miR-145 expression levels in 
clinical specimens, including non-
diseased individuals (n = 23), breast 
fibroadenoma (n = 10) and invasive 
ductal carcinoma (n = 73). MiR-145 
expression levels were significantly 
lower in breast cancer tumor tissues 
compared with the normal tissues, 
with p = 0.0216 for benign tumor 
via normal and p < 0.0001 for malig-
nant tumor via normal. Notably, 
malignant tumors had the lowest 
expression levels of miR-145 when 
compared with benign tumors, indi-
cating that miR-145 levels inversely 
correlate with malignancy stages in 
breast tumor. However, there was no significant difference of 
miR-145 expression levels among different clinical stages of inva-
sive ductal carcinoma. In addition, we examined the association 
between miR-145 expression levels and hormone receptor levels 
in breast cancer. No significant difference of miR-145 expression 
was found between estrogen receptor (ER)-positive (n = 46) vs. 
ER-negative (n = 27) breast cancers (p = 0.243). There was also 
no significant difference of miR-145 levels between progesterone 
receptor (PR)-positive and PR-negative tumors (n = 41 vs. 32, p = 
0.139). For human epidermal growth factor receptor 2 (HER2)-
amplified and triple-negative breast cancer, we did not analyze 
the data due to the limited sample size.

Discussion

This study clearly demonstrates the inhibitory role of miR-145 in 
tumor angiogenesis and growth both in vitro and in vivo. In addi-
tion, we have provided evidence that the expression levels of miR-
145 inversely correlate with malignancy stages of breast tumors, 
although there is no association between miR-145 expression 

Figure 2. Effects of miR-145 on inhibiting angiogenesis and invasion in vitro. (A) Tube formation assay of 
HUVEC. A significant decrease was observed in the cells transfected with miR-145 precursor compared 
with the cells transfected with scrambled control (miR-scr). *p < 0.05. (B) Matrigel invasion assay of MCF7 
and MDA-MB-231 cells transfected with miR-scr or miR-145 (x200). A significant decrease was observed 
in miR-145-transfected cells. *p < 0.05. **p < 0.01. (C) Cell viability was tested 72 h after transfection 
by trypan blue staining. (D) Immunoblotting analysis of genes involved in IRS1-N-RAS-VEGF pathway 
in breast cancer cell lines using antibodies against IRS1, N-RAS, PIK3CA, PIK3R1, AKT, p-AKT, mTOR, 
p70S6K1 and VEGFA. β-actin level served as an internal control.
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Although some genes have previously been identified to be 
direct targets of miR-145, it is the first time that miR-145 has been 
shown to directly target N-RAS and VEGF-A. FCN1, an actin-
binding protein that usually correlates with high-grade, exten-
sive invasion, distant metastasis and poor prognosis in various 
tumors, was found to be a target of miR-145 in both esophageal 
squamous cell carcinoma12 and bladder cancer.9 Using microar-
ray profiling upon miR-145 overexpression combined with seed 
site enrichment analysis, more targets were identified in colon 
cancer, including YES, FSCN1, ADAM17, BIRC2, VANGL1 
as well as the transcription factor STAT1.10 In breast cancer, 
RTKN, estrogen receptorα (ERα) and mucin-1 are previously 
reported as the targets of miR-145.13 Overexpression of miR-145 
in MCF-7 reduces RTKN expression, while downregulation of 
RTKN by siRNA can inhibit MCF-7 cell growth. Spizzo et al. 
found that miR-145 can inhibit ERα protein expression through 
direct interaction with two complementary sites within its cod-
ing sequence.32 More recently, a metastasis gene mucin 1 was 
identified to be involved in miR-145-mediated suppression of 
cell invasion and metastasis. Suppression of mucin-1 by RNAi 
attenuated the miR-145 action in suppression of invasion, while 
re-expression of mucin-1 enhanced cell invasion.20 Our recent 
study has shown that p70S6K1 is a direct target of miR-145 in 
colon tumor growth and angiogenesis.14 The present study has 
revealed more target genes of miR-145 in breast cancer, N-RAS 
and VEGF-A, indicating the complexed regulatory network 
of this miRNA in tumors. Previous studies have also identi-
fied IGF-I/IRS1 as direct targets of miR-145.29,30 Importantly, 
although most of miRNAs have multiple targets, miR-145 
seems to affect its tumor suppressor activity predominantly by 
repressing IRS1, the docking protein of the IGF-IR.30 Our data 
have suggested that miR-145 also directly target N-RAS and 
VEGF-A, further enhancing knowledge about the miR-145-de-
pendent network.

Finally, our results showed that the expression levels of miR-
145 inversely correlated with malignancy stages of human breast 
tumors. MiR-145 expression was significantly downregulated in 

miRNAs could directly target hypoxia-inducible factor 1 (HIF-
1) and other angiogenesis-related genes and then regulate tumor 
vessel formation.38,39 Our study has identified miR-145 acts as 
an anti-angiogenesis factor both in vitro and in vivo. Therefore, 
miR-145 is an important tumor suppressor and could be a future 
therapeutic target.

Figure 3. miR-145 targets N-RAS and VEGF-A. (A) Fluorescent images 
showed high transduction efficiency of lentivirus carrying miR-145 
or miR-scr (upper part). The miR-145 expression levels were detected 
by semi-quantitative RT-PCR (lower part). (B) Schematic diagrams of 
putative miR-145 binding sites in the 3’UTRs of N-RAS and VEGF-A were 
shown in upper part. The possible miR-145 binding sites in the 3’UTRs 
of the target genes were searched using algorithm KeyTar miRNA target 
prediction algorithm. The mutated nucleotides are shown in red. Lucif-
erase activities of N-RAS and VEGFA reporter constructs in MDA-MB-231 
cells transfected with miR-145 or miR-scr were normalized to cotrans-
fected renilla luciferase plasmid activity (lower part). *p < 0.05 (n = 3). 
Wt, miR-145 binding site wild type; Mut, miR-145 binding site mutant. 
(C) Immunoblotting analysis of IRS1, N-RAS and VEGF-A levels in lenti-
miR-145 infected cells. (D) Semi-quantitative RT-PCR analysis for VEGF-A 
expression showed that it was significantly suppressed in lenti-miR-
145-transduced MCF7 and MDA231 cells. GAPDH served as an internal 
control. (E) Forced expression of N-RAS reversed miR-145-inhibited 
VEGF expression. Relative VEGF levels were measured using ELISA in 
MCF7 cells infected by lenti-scr (a), miR-145 (b) and miR-145 with N-RAS 
plasmid (c) 48 h after transfection. *p < 0.01 (n = 3), b vs. a; #p < 0.01 
(n = 3), c vs. b.
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malignant tumors when compared with normal tissue or benign 
tumors. Such an expression pattern may identify malignant 
tumors from normal or benign tumors. Recently, some miRNAs 

Figure 4. Inhibitory effect of miR-145 on tumor growth and angiogenesis in vivo. (A) Xenograft tumors obtained 20 d after subcutaneous injection 
of cancer cells. Bar = 2 mm. (B) Quantative analysis of weight and size of tumors (n = 5). (C) Cell proliferation rates of MDA231 cells infected with lenti-
miR-scr or lenti-miR-145 were determined by counting cell number for 4 d. *p < 0.05. (D) Immunohistological analysis of tumor tissues using Factor VIII 
(x40). (E) Quantative microvascular density (MVD) analysis (left) and hemoglobin content level assay (right). The graph represents the mean ± SD from 
five different tumor sections. The data displayed significant difference of MVD and hemoglobin content between miR-145-MDA231 tumors and the 
negative control (p < 0.05), indicating miR-145 repressed angiogenesis in the tumors. (F) Immunoblotting analysis of the targets and key signaling 
molecules in the tumors using antibodies against N-RAS, p-AKT, mTOR, HIF1α and VEGF-A. (G) MiR-scr-MCF7 and miR-145-MCF7 stable cells were used 
to perform tumor growth assay as above. After 30 d, the tumors were photographed, measured and weighed. (H) Tumor weight and volumes of MCF7 
xenografts were presented as mean ± SD (n = 6).

have been shown to have potential value in diagnosis or progno-
sis of breast cancer. High levels of miR-21 expression were sig-
nificantly correlated with advanced clinical stage, lymph node 
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metastasis and poor survival of BC patients.40 We also found 
miR-195/497 expression levels were associated with tumor malig-
nancy in breast cancer.41 As these miRNAs have unique expres-
sion profiles in cancerous tissues compared to normal tissues, and 
their expression is more stable than mRNA, miRNAs are very 
promising for application as diagnostic or prognostic biomarkers. 
Future work should focus on its clinical application. In summary, 
miR-145 suppresses tumor angiogenesis and growth due to tar-
geting N-RAS and VEGF signaling. As it is inversely correlated 
with malignancy of breast tumors, miR-145 could also be used as 
a diagnostic marker of breast cancer.

Materials and Methods

Human tissue samples. Human breast tumor samples and nor-
mal tissues were obtained from Peking Union Medical College 
Hospital and Nanjing Medical University. All participants pro-
vided written informed consent following institutional review 
board approval at participating hospitals. Tissue samples were 
collected at surgery, immediately frozen in liquid nitrogen and 
stored until total RNAs or proteins were extracted. No patient 
information was used and identified in the study.

Histological examination. All tissues collected for histologi-
cal examination were fixed in 4% paraformaldehyde for 12–36 
h before being embedded in paraffin. Sections were cut at 4–6 
μm thickness, stained with hematoxylin and eosin (H&E) and 
subjected to microscopic evaluation.

Cell culture. Human breast cancer cell lines MDA-MB-231, 
MDA-MB-435, MDA-MB-453, ZR-75-30, SK-BR-3, T47D and 
MCF 7 were obtained from ATCC. Cells were maintained in 
Dulbecco’s modified Eagle medium (DMEM) (MDA-MB-231, 
MDA-MB-435s, MDA-MB-453, T47D) or RPIM 1640 
medium (ZR-75-30, SK-BR-3) supplemented with 10% fetal 
bovine serum (FBS) and 100 units of penicillin/ml and 100 
μg of streptomycin/ml. MCF7 cells were maintained in MEM 
supplemented with 10% FBS, 0.01 mg/ml bovine insulin and 
penicillin/streptomycin. All cells were incubated at 37°C in a 
humidified chamber supplemented with 5% CO

2
.

In vitro invasion assay. MCF7 and MDA-MB-231 cells were 
transfected with miR-145 or a scrambled control precursors. 
Forty-eight hours after transfection, cells (5 x 104) were plated 
in the top chamber with polymerized collagen-coated membrane 
(24-well insert; pore size, 8 μm; Chemicon ECM551) in medium 
with 0.1% FBS. Complete medium was used as a chemoattrac-
tant in the lower chamber. The cells were left to incubate for 24 
h, and unattached cells were removed cautiously by cotton swab. 
Cells that had invaded the lower surface of the membrane were 
stained with the Cell Stain Solution and counted accordingly. 
They were finally extracted and detected quantitatively using a 
standard microplate reader (at 560 nm).

Oligonucleotide transfection. Pre-miR-145 and Pre-miRTM 
miRNA precursor control were purchased from Ambion. Cells 
were transfected using Lipofectamine 2000 reagent (Invitrogen) 
24 h after the plating. Transfection complexes were prepared 
according to the manufacturer’s instructions and added directly 
to the cells to a final concentration of 100 nM.

Figure 5. Forced expression of N-RAS rescues miR-145-inhibited tumor 
growth in vivo. (A and B) Tumor volumes (A) and weight (B) induced by 
MDA-MB-231 cells expressing lenti-scr and lenti-miR-145 with GFP or 
N-RAS were analyzed and presented as mean ± SD, n = 5. (C) Immu-
nohistological analysis of microvessels in tumor sections using Factor 
VIII (x40). Overexpression of miR-145 (middle) inhibited microvessels 
formation when compared with the scrambled control (left); while re-
expression of N-RAS (right) reversed microvessels formation suppressed 
by miR-145. (D) Quantitative MVD analysis (upper) and hemoglobin 
contents (lower) were analyzed using above tumors.
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separated on SDS-PAGE gels and transferred to a PVDF mem-
brane. Antibodies were incubated over night at 4°C, respectively. 
The antibodies used are as following: antibodies against mTOR 
(Bioworld Tec, diluted at 1:300), N-RAS (Santa Cruz, diluted 
at 1:200), VEGF-A (diluted at 1:600), IRS1 (CST, diluted at 
1:200), PIK3CA (CST, diluted at 1:300), PIK3R1 (CST, diluted 
at 1:300), AKT (CST, diluted at 1:300), p-AKT (CST, diluted at 
1:500), HIF1-α (CST, diluted at 1:300), p70S6K1 (CST, diluted 
at 1:500) and β-actin (Sigma, diluted at 1:5,000). AP-conjugated 
secondary antibody was incubated for 2 h at room tempera-
ture. The corresponding bands were detected using BCIP/
NBT (Ameresco). Band signals were quantified with Labworks 
Instrument software (UVP).

Lentivirus preparation, titration and transduction. Virus 
soup was obtained by the transfection of HEK293T cells with 
pLemiR-145 or pLemiR-scrambled control (pLemiR-scr) and 
packaging mix stock (Open Biosystems) using Arrest-In trans-
fection reagent (Open Biosystems). The virus-containing super-
natants were collected 48 and 72 h after transfection, passed 
through 0.45 μm filters and aliquoted as virus stocks. For virus 
titration, the diluted virus was added to HEK293T cells in 
24-well tissue culture plate and incubated at 37°C for 4 h. Then, 
the transduction mix was removed and fresh medium was added. 
After infection for 48 h, the RFP expressing cells were counted, 
and the transducing units per ml (TU/ml) were determined. For 
virus infection, cells were incubated at 37°C with virus stocks 
supplemented with polybrene (8 μg/ml) for 6 h. After 2 d of 
selection, pooled puromycin-resistant cells were expanded for 
further analysis.

Adenovirus preparation, titration and infection. Adenoviruses 
carrying N-RAS were generated and prepared using the AdEasy 
system. In brief, N-RAS cDNA fragment was obtained from the 
plasmid pcmv6-xl5-N-RAS (OriGene Technologies, Inc.,) via 
restriction enzyme digestion and subcloned into pAdtrack-CMV 
shuttle vector. Then pAdtrack-CMV-N-RAS was linearized with 
Pme I followed by homologous recombination with bone plasmid 
pAdEasy-1 in BJ5183 cells to generate recombinant plasmid pAd-
N-RAS. pAd-N-RAS was digested with Pac I and transfected 
into Ad-293 cells by lipofectamine to package recombinant ade-
novirus. The titers of the prepared adenoviruses of Ad-N-RAS 
and Ad-GFP (as control) were measured with the aid of green 
fluorescence protein (GFP) expression after multiplication and 
purification. For function assays, miR-scr-MDA-MB-231 (miR-
scr-MDA231) and miR-145-MDA-MB-231 (miR-145-MDA231) 
cells were infected with Ad-GFP or Ad-N-RAS at 25 MOI.

Luciferase activity assay. The 3'-UTR of human N-RAS 
genes was amplified by PCR using the following primers:

forward primer 5'-GAA TTC ATT GCT CCA ACG GCT 
TAC T-3';

reverse primer 5'-CTC GAG CCA ACA CTT CCA AAT 
GTC A-3' and the fragment was cloned into the EcoRI and XhiI 
sites of the modified pGL3-Control vector (Promega) to generate 
pGL3-N-RAS vector. The 3'-UTR of human VEGF gene was 
amplified by PCR using the following primers:

forward primer 5'-GAA TTC GCT CAG ATG TGA CAA 
GCC G-3';

Cell viability and cell proliferation analyses. MCF7 and 
MDA-MB-231 cells were transfected with miR-145 or a scram-
bled control as above. After 72 h, aliquots of cell suspension 
were mixed with an equal amount of 0.4% (w/v) trypan blue 
solution (buffered with PBS) to identify permeabilized unviable 
cells. After 1 min incubation at room temperature, samples were 
observed using differential interference contrast (DIC) micros-
copy (DS-Ri1; Nikon Instruments). The number of surviving 
cells was estimated by counting cells without trypan blue stain-
ing with three replicates. MDA-MB-231 cells stably expressing 
miR-145 or miR-scr were trypsinized, counted and plated into 
12-well plates at 1 x 104 cells per well. Total cells were harvested 
and counted using hemocytometer once a day for 4 d with three 
replicates.

Northern blot analysis. RNA samples (25 μg each) were elec-
trophoresed on 15% acrylamide and 8 M urea denatured gels and 
transferred onto Hybond N+ membrane (Amersham Biosciences). 
The membranes were baked at 80°C for 2 h before hybridization, 
then hybridized with oligo-nucleotide probes corresponding to 
the complementary sequences of the following mature miRNAs: 
miR-145, 5'-AGG GAT TCC TGG GAA AAC TGG AC-3'; U6: 
5'-GCT AAT CTT CTC TGT ATC GTT CCA ATT TT-3'. 
Probes were 5-end labeled using the polynucleotide kinase in the 
presence of [γ-32P]ATP. Hybridization was performed at 41°C 
in ULTRAhybTM-Oligo Hybridization Buffer (Ambion) for 16 
h. Membranes were washed at 42°C, three times with 2x SSC 
with 0.1% SDS. Northern blots were rehybridized after stripping 
the oligo nucleotides used as probes in 1% SDS for 30 min at 
65°C. Images were collected on a scanner Storm 860 (Molecular 
Dynamics).

MiRNA target prediction. miRNA target prediction was 
performed by an in-lab developed algorithm KeyTar. KeyTar 
miRNA target prediction is based on miRNA: target sequence, 
structure and function.

Real-time polymerase chain reaction assays for mature 
miRNAs. RNAs of tissue samples and cell lines were extracted 
using TRIzol (Invitrogen) according to manufacturer’s instruc-
tions. The expression levels of miR-145 were assayed using 
the primers designed by Biomics Company. Reverse tran-
scription reaction was performed starting from 30 ng of total 
RNAs using 1 μM looped primers. Real-time PCR was per-
formed using the standard SYBR Green Assays protocol on an 
MX3000p Real-Time PCR Detection System (Stratagene). The 
25 μl PCR reaction included 2 μl reverse transcription prod-
uct, 1x PCR Master mix (Takara) 1.5 μmol/L forward primer 
and 0.7 μmol/L reverse primer. The reactions were incubated 
in a 96-well plate at 95° for 10 sec followed by 40 cycles of 95° 
for 5 sec and 60° for 30 sec. The expression levels of U6 were 
used as endogenous control for each sample. The relative gene 
expression levels were calculated by comparing cycle times for 
target PCR using the following equation: relative gene expres-
sion = 2-(ΔCtsample - ΔCtcontrol).

Immunoblotting analysis. MCF7 and MDA-MB-231 cells 
were transfected with 100 nM of miR-145, or negative con-
trol precursors. Cells were collected 48 h after transfection for 
immunoblotting analysis. Total protein extracts (20 μg) were 
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Mice were sacrificed and the xenografts were trimmed out at the 
time indicated. For MCF7 cells stably expressing miR-145 or 
miR-scr, the tumors were collected after 30 d. Tumor volumes 
were measured and calculated according to the formula (width2 
x length)/2. Hemoglobin levels were measured using a Drabkin’s 
reagent kit according to the manufacturer’s instructions. The 
concentrations of hemoglobin were calculated based on a set of 
hemoglobin standards.

Immunohistochemical examination. Tumor tissues were 
fixed in Bouin’s solution and embedded in paraffin. Tumor 
sections at 5 μm were cut and deparaffinized and antigen was 
retrieved using microwave. After incubation with hydrogen per-
oxide, the sections were washed, blocked for 1 h with 10% goat 
serum in 1x PBS buffer and incubated with a 1:50 dilution of 
rabbit anti-factor VIII antibodies (Biocare Medical) in a humid 
chamber at 4°C for 16 h. After washing, the slides were incubated 
with HRP-conjugated goat anti-rabbit IgG for 2 h. The anti-
body signals were detected using DAB regent. Different sections 
were prepared from five tumors and the number of microvessels 
was counted in five different fields per section as follows: slides 
were first scanned under low power (100x) to determine three 
“hotspots” or areas with the maximum number of microvessels 
and then the positive stained blood vessels in the selected areas 
were analyzed at 400x magnification. Sections incubated with 
the preimmune IgG were used as the negative control.42

Statistical analysis. The results are expressed as mean ± SE, or 
SD as specifically indicated. Group data comparisons were per-
formed using analysis of variance followed by Dunnett’s method 
using Microsoft Excel. A two-tailed p < 0.05 was considered as 
statistically significant. The Mann-Whitney test was used to 
compare depot-specific differences between cancer tissues and 
normal controls. The correlation of miR-145 levels with cancer 
stages was analyzed using the Spearman’s correlation coefficient 
test (Fig. 6).
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reverse primer 5'-CTC GAG GGA CAT CTG CCA GTG 
GTC T-3' and cloned into the EcoRI and XhoI sites of the modi-
fied pGL3-Control vector. The nucleotide-substitution muta-
tions were performed using PCR-based methods for the 3'-UTRs 
of N-RAS and VEGF. Primers were used were as follows:

Mut 3'-UTR of N-RAS: 5'-TTG ACC TAG TTC TTG GCT 
TAG TCA TAA-3' and 5'-TTT ATT TTT TAA ACA TCA 
TTT AAC AAG-3';

Mut 3'-UTR of VEGF: 5'-GAC CTA GTA TTT GAC TGC 
TGT GGA C-3' and 5'-TGA AGA CAC CAA TAA CAT TAG 
CAC T-3'. All constructs were sequence verified. The under-
lined nucleotides indicate the bases where mutations were made. 
For luciferase assays, cells were cultured in 24-well plates and 
transfected with 100 ng of reporter plasmid together with 5 ng 
of pRL-TK vector (Promega), expressing the Renilla luciferase 
and 50 pmoles of miR-145 or a miRNA negative control of pre-
cursor. Transfection was performed using Lipofectamine 2000 
(Invitrogen) as described by the manufacturer. After 36 h trans-
fection, firefly and renilla luciferase activities were measured 
using the Dual-Luciferase Reporter Assay (Promega). Each trans-
fection was repeated twice in triplicate.

Animal care and tumor implantation. All research involv-
ing animals complied with protocols approved by the Nanjing 
Medical University and ECNU Committee on Animal Care. 
For in vivo tumor growth assay, six-week-old female nude 
mice [BALB/cA-nu (nu/nu)] were purchased from Shanghai 
Experimental Animal Center (Chinese Academy of Sciences) 
and maintained in pathogen-free conditions with standard diets. 
The MDA-MB-231 cells stably expressing miR-145 or miR-scr 
transduced by Ad-GFP or Ad-N-RAS (1.0 x 106 cells in 50 μl) 
were injected into nude mice with the same volume of Matrigel. 

Figure 6. Quantitative RT-PCR analysis of miR-145 levels in normal 
tissues from nondiseased individuals (n = 23); adenoma, breast fibro-
adenoma (n = 10) and invasive ductal carcinoma tissues (n = 73) with 
U6 rRNA as a loading control. MiR-145 levels inversely correlate with 
malignancy in human breast tumors analyzed using the Spearman’s 
correlation coefficient test.
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