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Introduction

MicroRNAs (miRNAs) are a class of small RNAs that sup-
press gene expression posttranscriptionally by base pairing 
with the 3′-untranslated regions (UTRs) of target mRNA.1 
miRNAs are initially generated in the nucleus as long pri-
mary transcripts (pri-miRNAs) and subsequently cleaved 
by Drosha/DGCR8 processing machinery to produce stem 
loop–structured precursors (pre-miRNAs) that are exported 
to the cytoplasm and further processed by Dicer into mature 
miRNAs.2,3 Apparently, it is reasonable to assume that the 
levels of miRNA processing components may affect the 
levels of functional mature miRNAs.

miRNAs are predicted to regulate 20% to 30% of genes 
within the genome.4 Many of these miRNA-targeted mRNAs 
encode genes essential for cell proliferation/differentiation, 
cell survival/apoptosis, and cell migration/invasion, pro-
cesses often altered during tumor progression.5,6 Recent 
miRNA profiling analysis has identified a set of miRNAs 
that are differentially expressed and can be used to 

distinguish between breast cancer and normal breast tissues.7 
Certain miRNAs have been found to correlate with clinico-
pathological features of breast tumors. For example, the loss 

Supplementary material for this article is available on the Genes & Cancer 
website at http://ganc.sagepub.com/supplemental.

1Department of Biochemistry and Molecular Biology, Georgia Health 
Sciences University, Augusta, GA, USA
2Department of Cellular Biology and Anatomy, Georgia Health Sciences 
University, Augusta, GA, USA
3Department of Medical Microbiology and Immunology, University of 
Toledo Medical Center, Toledo, OH, USA
4Key Laboratory of Stem Cell Biology, Institute of Health Science, 
Shanghai Institute for Biological Science, Shanghai, China
5Cancer Center, Georgia Health Sciences University, Augusta, GA, USA

Corresponding Author:
Shuang Huang, Department of Biochemistry and Molecular Biology, 
Georgia Health Sciences University, Cancer Research Center Building, 
1410 Laney Walker Boulevard, Augusta, GA 30912 
Email: shuang@georgiahealth.edu

			 
		
	

Impaired MicroRNA Processing  
Facilitates Breast Cancer Cell Invasion  
by Upregulating Urokinase-Type 
Plasminogen Activator Expression

Hyangsoon Noh1, Sungguan Hong1, Zheng Dong2, Zhixing K. Pan3, 
Qing Jing4, and Shuang Huang1,5

Submitted 11-Sep-2010; revised 24-Mar-2011; accepted 09-Apr-2011

Abstract
Global mature microRNA (miRNA) expression is downregulated in cancers, and impaired miRNA processing enhances cancer cell proliferation. These 
findings indicate that the miRNA system generally serves as a negative regulator during cancer progression. In this study, we investigated the role of 
the miRNA system in cancer cell invasion by determining the effect of damaging miRNA processing on invasion-essential urokinase-type plasminogen 
activator (uPA) expression in breast cancer cells. Short hairpin RNAs specific for Drosha, DGCR8, and Dicer, key components of miRNA processing 
machinery, were introduced into 2 breast cancer cell lines with high uPA expression and 2 lines with poor uPA expression. Knockdown of Drosha, 
DGCR8, or Dicer led to even higher uPA expression in cells with high uPA expression, while it was unable to increase uPA level in cells with poor uPA 
expression, suggesting that the miRNA system most likely impacts uPA expression as a facilitator. In cells with high uPA expression, knockdown of Drosha, 
DGCR8, or Dicer substantially increased in vitro invasion, and depleting uPA abrogated enhanced invasion. These results thus link the augmented invasion 
conferred by impaired miRNA processing to upregulated uPA expression. uPA mRNA was a direct target of miR-193a/b and miR-181a, and a higher uPA 
level in cells with impaired miRNA processing resulted from less mature miR-193a/b and miR-181a processed from their respective primary miRNAs. 
Importantly, the levels of mature miR-193a, miR-193b, and miR-181a, but not their respective primary miRNAs, were lower in high uPA-expressing 
cells compared to cells with low uPA expression, and this apparently attributed to lower Drosha/DGCR8 expression in high uPA-expressing cells. This 
study suggests that less efficient miRNA processing can be a mechanism responsible for reduced levels of mature forms of tumor-suppressive miRNAs 
frequently detected in cancers.
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of expression in the distinct member of let-7 family reflects 
PR status (let-7c), positive lymph node status (let-7f-1, let-
7a-3, and let-7a-2), and high proliferation index (let-7c and 
let-7d).7,8 Downregulation of miR-31 but upregulation of 
miR-10b have been found to be associated with the meta-
static status of breast tumors.9,10 These findings implicate that 
signatures of miRNA expression may be used as biomarkers 
for both diagnosis and patient risk stratification of breast can-
cer patients.11 Meanwhile, defining cancer-relevant miRNAs 
may also allow the development of effective anticancer ther-
apeutic means. Two recent studies highlighted the efficacy of 
such an approach, as either silencing miR-10b or forcing 
miR-26a expression led to suppression of tumorigenicity in 
experiment murine models.12,13

miRNAs may inhibit or promote tumor progression. 
Interestingly, a large scale of miRNA expression profiling 
analyses reveals that mature miRNAs are globally down-
regulated in various tumors including breast tumor.14-17 
These findings suggest a notion that the miRNA system 
may generally act as a negative regulator during tumor pro-
gression. This notion is supported by recent studies in 
which reducing global mature miRNA expression by 
impairing miRNA processing was shown to enhance cellu-
lar transformation and tumorigenesis.18-20 In addition, 
recent studies show that the levels of miRNA processing 
components including Dicer and Drosha are decreased in 
various tumors including ovarian, lung, and gastric can-
cers.21-23 Mutation in the miRNA processing gene TARBP2 
enhances transformation by impairing miRNA produc-
tion.24 Oncogenic miR-103/107 promotes cancer metastasis 
by reducing Dicer expression.25 These observations raise a 
possibility that reduced expression of miRNA processing 
components can be one of the contributors to global down-
regulation of mature miRNAs in tumors.

Urokinase-type plasminogen activator (uPA) is a serine 
protease that initiates the activation of metalloproteinases 
as well as the conversion of plasminogen to plasmin, thus 
conferring cancer cells with the capability to degrade sur-
rounding extracellular proteins.26 The interaction of uPA 
with its receptor also triggers cellular responses leading to 
cell migration, proliferation, and expression of specific 
genes.27 Elevated uPA expression is detected in most meta-
static tumors including breast cancer28 and may be regulated 
at both levels of transcription29,30 and posttranscription.31,32 
Recent studies also report that miR-23b and miR-193b can 
regulate uPA expression in human hepatocellular carcinomas 
and breast cancer cells, respectively.33,34

The objective of this study was to investigate the effect 
of impaired miRNA processing on uPA expression and in 
vitro invasion of breast cancer cells. We show that knock-
down of Drosha, DGCR8, or Dicer leads to an even higher 
uPA level in high uPA-expressing cells, but it was unable to 
enhance uPA expression in cells with low uPA expression, 
indicating that the miRNA system is most likely to play a 
regulatory rather than decisive role in uPA expression. 

Similarly, knockdown of Drosha, DGCR8, and Dicer was 
only able to substantially enhance in vitro invasion of high 
uPA-expressing cells. As depleting uPA abrogated in vitro 
invasion of Drosha, DGCR8, and Dicer knockdown cells, it 
indicates that the enhanced invasion conferred by impaired 
miRNA processing is functionally linked to upregulated 
uPA expression. Moreover, we show that uPA mRNA is a 
direct target of miR-193a/b and miR-181a and that the dam-
aged processing of these 3 miRNAs in Drosha, DGCR8, 
and Dicer knockdown cells is responsible for upregulated 
uPA expression. As Drosha and DGCR8 levels are rela-
tively lower in high uPA-expressing cells than cells with 
low uPA expression, this may explain lower levels of mature 
miR-193a/b and miR-181a in high uPA-expressing cells. In 
fact, forced Drosha/DGCR8 expression elevated the levels 
of these uPA mRNA-targeted miRNAs and inhibited uPA 
expression. Our studies indicate that low abundance of 
Drosha/DGCR8 can contribute to less efficient processing 
of uPA mRNA-targeted miRNAs, leading to upregulated 
uPA expression and augmented in vitro invasion in breast 
cancer cells.

Results
miRNA-193a, miRNA-193b, and miR-181a effectively inhibit 

uPA expression in breast cancer cells. miR-23b and miR-193b 
have recently been shown to regulate uPA expression in 
human hepatocellular carcinomas and breast cancer cells, 
respectively,33,34 suggesting the possibility that the miRNA 
system can regulate uPA expression in breast cancer cells. 
To test this possibility, we initially analyzed potential 
miRNA target sites in 3′-UTR of uPA mRNA with a web-
based miRNA target prediction program TargetScanHuman 
5.1.35,36 There are 2 miR-181 target sites and 1 target site 
each for miR-143, miR-193, and miR-23 in 3′-UTR of 
human uPA mRNA (Fig. 1A). To determine the effect of 
these miRNAs on uPA expression, synthesized, mature 
miRNA mimics were introduced into MDA-MB-231 and 
MDA-MB-436 cells that were known to express high levels 
of uPA.37 Immunoblotting with anti-uPA mAb showed that, 
among those tested, miR-193a, miR-193b, and miR-181a 
mimics significantly downregulate uPA expression in both 
lines (Fig. 1B). The inhibitory effect of these mimics on 
uPA expression was clearly specific because the respective 
miRNA inhibitors (inhibitory antisense molecules for miR-
NAs) largely abolished their inhibitory effect on uPA 
expression in MDA-MB-231 cells (Fig. 1C).

To determine whether uPA mRNA is a direct target of 
miR-193a/b and miR-181a, we linked 3′-UTR of uPA 
mRNA to downstream of the luciferase gene in pMIR 
reporter plasmid. Cotransfection experiments showed that 
miR-193a, miR-193b, and miR-181a mimics, but not the 
control, inhibited luciferase activity in MDA-MB-231 and 
MDA-MB-436 cells (Fig. 2A). To confirm that these miR-
NAs target uPA mRNA through their predicted pairing sites 
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in 3′-UTR of uPA mRNA, we introduced G/C→C/G and A/
U→U/A mutation in these regions in order to disrupt 
miRNA/mRNA interaction (Fig. 2B). Mutation in the pre-
dicted miR-193 target site diminished the ability of miR-
193a or miR-193b mimic, but not miR-181a mimic, to 
inhibit luciferase activity (Fig. 2C), while mutation in the 
predicted miR-181 target site only prevented miR-181a 
mimic–caused reduction in luciferase activity (Fig. 2C). 
These results confirm that uPA mRNA is a direct target of 
miR-193a/b and miR-181a in breast cancer cells.

The levels of mature miR-193a/b and miR-181a, but not the 
levels of their respective pri-miRNAs, are inversely correlated to 
uPA expression in breast cancer cells. To investigate whether 
miR-193a/b and miR-181a participated in the regulation of 
uPA expression in breast cancer cells, we first performed 
qRT-PCR to quantitate the primary, precursor, and mature 

forms of these miRNAs in both high uPA-expressing 
(MDA-MB-231 and MDA-MB-436) and low uPA- 
expressing (MCF-7 and T47D) cells (Fig. 3B). The levels 
of the primary forms of these miRNAs were similar in all 4 
lines (Fig. 3A). In contrast, the levels of both mature and 
precursor forms of miR-193a, miR-193b, and miR-181a 
were lower in MDA-MB-231 and MDA-MB-436 cells than 
those in MCF7 and T47D cells (Fig. 3A). As mature miRNA 
is generated through the consecutive steps of pri- to pre-
miRNA and pre- to mature miRNA processing,2,3 these 
results indicate that the processing of primary to precursor 
uPA mRNA-targeted miRNAs is inefficient in high uPA-
expressing breast cancer cells.

The processing of pri- to pre-miRNA and pre- to mature 
miRNA is respectively carried out by Drosha/DGCR8 and 
Dicer complexes.2,3 Immunoblotting with specific antibod-
ies showed that Drosha and DGCR8 protein levels were 
significantly lower in cells with high uPA expression com-
pared to cells with low uPA expression (Fig. 3B). In con-
trast, the level of Dicer was similar in all 4 lines (Fig. 3B). 
Together with the observation that both mature and precur-
sor miR-193a/b and miR-181a levels were lower in high 
uPA-expressing cells (Fig. 3A), these results indicate the 
possibility that lower Drosha/DGCR8 expression may 
cause inefficient processing of primary to precursor uPA 
mRNA-targeted miRNAs, leading to upregulated uPA lev-
els in MDA-MB-231 and MDA-MB-436 cells.

To further investigate the link between miRNA process-
ing complexes and uPA expression, we simultaneously 
introduced Drosha and DGCR8 genes into MDA-MB-231 
cells. qRT-PCR showed that enforced Drosha/DGCR8 
expression led to a significant increase in mature miR-
193a/b and miR-181a levels while displaying little effect on 
the levels of respective primary miRNAs (Fig. 3C). Immu-
noblotting also showed that enforced Drosha/DGCR8 
expression greatly decreased uPA levels in MDA-MB-231 
cells (Fig. 3D). In parallel, we introduced Dicer gene into 
MDA-MB-231 cells. However, forced Dicer expression 
exhibited little effect on either uPA mRNA-targeted miRNA 
levels or uPA expression (Fig. 3C and 3D). These results 
support the notion that low abundance of Drosha/DGCR8, 
rather than Dicer, contributes to low levels of mature miR-
193a/b and miR-181a levels as well as high uPA expression 
in high uPA-expressing cells.

Impaired miRNA processing inhibits the production of mature 
miR-193a/b and miR-181a while upregulating uPA expression in 
breast cancer cells. To further establish the functional link 
between inefficient uPA mRNA-targeted miRNA processing 
and high uPA expression in breast cancer cells, we examined 
the effect of silencing Drosha, DGCR8, or Dicer on miR-
193a/b and miR-181a levels in breast cancer cells. Cells were 
transduced with lentivirus containing control (scrambled 
sequence), or shRNAs specific for Drosha, DGCR8, or Dicer 
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Figure 1.  miR-193a, miR-193b, and miR-181a effectively inhibit uPA 
expression in breast cancer cells. (A) Diagram of potential miRNA target 
sites in 3′-UTR of human uPA mRNA. The solid box denotes miRNA 
target site. (B) MDA-MB-231 and MDA-MB-436 cells were transfected 
with negative control or indicated miRNA mimics for 3 days. Cells were 
lysed, and cell lysates were subjected to immunoblotting to detect uPA 
with uPA mAb. The membrane was stripped and reprobed for β-actin to 
ensure equal protein loading. (C) MDA-MB-231 cells were transfected 
with a mixture of miRNA mimic and its respective inhibitor for 3 days and 
then analyzed for uPA expression by immunoblotting.
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populations of the transduced cells were confirmed for gene-
specific inhibition (Fig. 4A), followed by qRT-PCR to deter-
mine the levels of uPA mRNA-targeted miRNAs. While 
Drosha, DGCR8, or Dicer knockdown cells showed similar 
levels of pri–miR-193a, pri–miR-193b, or pri–miR-181a to 
those in the control, the respective mature miRNA levels 
were significantly less in knockdown cells than in the control 

(Fig. 4B). These results confirm that the processing of 
primary to mature miR-193a/b and miR-181a requires the 
presence of Drosha/DGCR8 and Dicer. Interestingly, immu-
noblotting showed that silencing miRNA processing compo-
nents only greatly elevated uPA levels in high uPA-expressing 
cells, but it was unable to enhance uPA expression in low 
uPA-expressing cells (Fig. 5A). These results indicate that 

Figure 2.  miR-193a, miR-193b, and miR-181a directly target uPA mRNA. (A) pMIR containing uPA 3′-UTR was cotransfected into MDA-MB-231 and 
MDA-MB-436 cells with 5 µM negative control, miR-193a, miR-193b, or miR-181a precursor for 2 days. Cells were lysed, and cell lysates were analyzed 
for luciferase activity. Data are mean ± SE (n = 3). *P < 0.01 versus negative control. (B) Diagram of mutation generated in 3′-UTR of human uPA mRNA. 
Alphabetical numbers are the relative nucleotide position in 3′-UTR of human uPA mRNA. (C) pMIR containing uPA 3′-UTR with mutation in a particular 
miRNA target site was cotransfected into MDA-MB-231 cells with 5 µM miR-193a, miR-193b, or miR-181a precursors for 2 days, followed by the analysis 
of luciferase activity. Data are mean ± SE (n = 3). *P < 0.01 versus negative control.
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Figure 3.  Low abundance of Drosha/DGCR8 leads to inefficient processing of uPA mRNA-targeted miRNAs in breast cancer cells. (A) Total RNA 
was isolated from MCF-7, MDA-MB-231, MDA-MB-436, and T47D cells and then subjected to qRT-PCR to measure the levels of primary, precursor, and 
mature forms of miR-193a, miR-193b, and miR-181a. The levels of GAPDH were also determined and serve as an internal control for standardization. 
Data are mean ± SE (n = 3). (B) Overnight-cultured MCF-7, MDA-MB-231, MDA-MB-436, and T47D cells were lysed, and cell lysates were subjected to 
immunoblotting to detect uPA, Drosha, DGCR8, Dicer, and β-actin with the respective antibodies. (C) MDA-MB-231 cells were transfected with empty 
vector, Drosha, and DGCR8 expressing vectors together or Dicer expression vector for 2 days. Total RNA was isolated from these cells, and qRT-PCR 
was performed to measure the levels of primary and mature forms of miR-193a, miR-193b, and miR-181a. The levels of GAPDH were also determined and 
serve as an internal control for standardization. Data are mean ± SE (n = 3). *P < 0.001 versus control. (D) Drosha/DGCR8 together or Dicer was forced 
to be expressed in MDA-MB-231 cells for 3 days. Cells were lysed, and cell lysates were analyzed for uPA protein levels by immunoblotting with uPA mAb.
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Figure 4.  Primary miR-193a/b and miR-181a are not efficiently processed to their respective mature miRNAs in Drosha, DGCR8, and Dicer knockdown 
cells. (A) Cells were transduced with control lentiviral vector or vector encoding Drosha, DGCR8, or Dicer shRNA for 4 days. A portion of transduced 
cells was lysed for immunoblotting to detect Drosha, DGCR8, or Dicer with the respective antibodies. The membrane was stripped and reprobed for 
β-actin to ensure equal protein loading. (B) Total RNA was isolated from control, Drosha, DGCR8, and Dicer knockdown cells and then subjected to qRT-
PCR to measure the levels of primary and mature forms of miR-193a, miR-193b, and miR-181a. The levels of GAPDH were also determined and serve as 
an internal control for standardization. Data are mean ± SE (n = 3). *P < 0.01 versus control.
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the miRNA system is most likely to act as a facilitator to 
regulate uPA expression.

To further confirm that the elevated uPA expression 
induced by the depletion of Drosha/DGCR8 was indeed 
caused by inefficient processing of uPA mRNA-targeted 
miRNAs, we introduced miR-193a, miR-196b, and miR-
181a mimics into Drosha or DGCR8 knockdown MDA-
MB-231 cells. Immunoblotting showed that each of these 

mimics alone was able to inhibit  
uPA expression (Fig. 5B). In con-
trast, treating these knockdown cells 
with miR-23a mimic did not alter 
uPA expression (Fig. 5B). These 
results suggest that upregulated uPA 
expression in cells with impaired 
miRNA processing is caused by 
reduced processing of uPA mRNA-
targeted miRNAs.

In vitro invasion augmented by 
impaired miRNA processing is function-
ally linked to upregulated uPA expres-
sion. The well-established role of 
uPA in breast cancer cell inva-
sion32,38 prompted us to investigate 
the consequence of the disruption of 
miRNA processing on breast cancer 
cell invasion. Matrigel (BD Biosci-
ences, Franklin Lakes, NJ) in vitro 
invasion assay showed that MDA-
MB-231 and MDA-MB-436 cells 
were able to invade Matrigel (BD 
Biosciences), while MCF7 and 
T47D cells were poorly invasive 
(Fig. 6A). Knockdown of Drosha, 
DGCR8, or Dicer rendered MDA-
MB-231 and MDA-MB-436 cells 
significantly more invasive, while it 
displayed little effect on the inva-
siveness of MCF7 and T47D cells 
(Fig. 6A). These results corroborate 
with the observation that depleting 
miRNA processing components 
only upregulated uPA expression in 
MDA-MB-231 and MDA-MB-436 
cells (Fig. 5A). Similar results  
were also obtained with high uPA-
expressing BT549 cells and low 
uPA-expressing ZR75-1 cells (data 
not shown). To test whether upregu-
lated uPA expression is necessary 
for enhanced invasion observed with 
Drosha, DGCR8, or Dicer knock-
down cells, the control and these 

knockdown cells were treated with uPA siRNA pool or 
scrambled RNA, followed by the analysis of in vitro inva-
sion. Matrigel (BD Biosciences) invasion assay showed 
that uPA siRNAs, but not the scrambled RNA, abrogated 
in vitro invasion of these cells (Fig. 6B). These results 
suggest that impaired miRNA processing–induced inva-
sion is at least partially contributed by upregulated uPA 
expression.
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Figure 5.  Impaired miRNA processing–induced uPA expression is functionally linked to inefficient miR-
193a/b and miR-181a miRNA processing. (A) Cells were transduced with control lentiviral vector or 
vector containing Drosha, DGCR8, or Dicer shRNA for 4 days. Cells were lysed, and cell lysates were 
subjected to immunoblotting to detect uPA with uPA mAb. The membranes were stripped and reprobed 
for β-actin to ensure equal protein loading. (B) Drosha and DGCR8 knockdown MDA-MB-231 cells 
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Cells were lysed, and cell lysates were subjected to immunoblotting to detect uPA with uPA mAb. The 
membranes were stripped and reprobed for β-actin to ensure equal protein loading.



Invasion enhanced by impaired microRNA processing / Noh et al.	 147

Synthesized miR-193a, miR-193b, and miR-181a mimics 
inhibit in vitro invasion of breast cancer cells. As synthesized 
miR-193a/b and miR-181a mimics were able to inhibit uPA 
expression (Fig. 1B), we determine whether they were also 
able to suppress breast cancer cell invasion. MDA-MB-231 
and MDA-MB-436 cells were treated with each of these 
miRNA mimics individually or in combination and subse-
quently analyzed for in vitro invasion using Matrigel (BD 
Biosciences) invasion chambers. Treatment of individual 
miR-193a, miR-193b, and miR-181a mimics, but not the 
control, resulted in approximately 40% to 50% of reduction 
in invasion, and combined treatment blocked over 70% of 
invasion (Fig. 7A). However, adding soluble single-chain 

uPA (scuPA) to the cells was able to rescue invasion of 
these cells in a dose-dependent manner (Fig. 6B). Espe-
cially at the concentration of 4 nM, scuPA restored over 
60% of invasion in cells treated with these miRNA mimics 
(Fig. 7B). These results suggest that miR-193a/b and miR-
181a inhibit in vitro invasion of breast cancer cells mainly 
by downregulating uPA expression.

Discussion
The observation that disrupting miRNA processing 
enhances carcinogenesis18-20 indicates that a large popula-
tion of miRNAs may act as negative regulators of tumor 
progression. This possibility is supported by the findings 
that 1) global levels of miRNA expression are reduced in 
various tumor types including breast tumor14-17; 2) the 
expression of various miRNA processing components is 
downregulated in various tumor types including ovarian, 
lung, and gastric cancer21-23; 3) mutation has been found in 
the miRNA processing gene TARBP224; and 4) certain 
oncogenic miRNAs target Dicer to promote cancer metas-
tasis.25 In this study, we showed that knockdown of Drosha, 
DGCR8, and Dicer, components of miRNA processing 
machinery, upregulated uPA expression and rendered breast 
cancer cells more invasive (Figs. 5 and 6). Our study pro-
vides another evidence that the miRNA system generally 
serves as a negative regulator of cancer progression.

Recent efforts have identified miRNAs that can suppress 
tumor growth and metastasis. For example, let-7 inhibits 
cell growth by inhibiting Ras and HMGA2 expression.39,40 
miR-31 blocks breast cancer metastasis by targeting multi-
ple migration-relevant genes including Fzd3, ITGA5, RDX, 
or RhoA.9 In this study, we showed that miR-193a, miR-
193b, and miR-181a effectively inhibited breast cancer cell 
invasion (Fig. 7) by downregulating uPA expression in 
breast cancer cells (Fig. 1). The ability of these 3 miRNAs 
to reduce uPA expression was mediated by directly target-
ing 3′-UTR of uPA mRNA (Fig. 2). Our results indicate that 
miR-193a/b and miR-181a may also be classified into  
the category of currently expanding tumor/metastasis- 
suppressing miRNAs.

Analysis of miRNA expression profiling has shown that 
the levels of many tumor-suppressing miRNAs are reduced 
in tumor or metastatic tissues. For instance, the expression 
of metastasis-suppressive miR-126 and miR-335 is lost in 
metastatic breast tumors, and the loss of their expression is 
associated with poor distal metastasis-free survival.41 Also, 
miR-17 and miR-20, in which their levels are inversely cor-
related to cyclin D1, were often reduced or even lost in 
breast tumors.42 Several recent studies suggest that loss or 
reduction in tumor-suppressive miRNA expression is asso-
ciated with CpG island hypermethylation in the respective 
miRNA promoters.43-46 In this study, we show that the lev-
els of mature miR-193a/b and miR-181a are lower in high 
uPA-expressing breast cancer cells in comparison with 

Figure 6.  Impaired miRNA processing–enhanced in vitro invasion 
requires upregulated uPA expression. (A) Cells were transduced with 
control lentiviral vector or vector containing Drosha, DGCR8, or Dicer 
shRNA for 4 days. The population of the transduced cells was detached 
and analyzed for their ability to invade Matrigel. The invading cells on the 
undersurface of invasion chambers were stained and counted under a 
phase-contrast microscope. Data are mean ± SE (n = 3). *P < 0.005 versus 
control. (B) Scrambled RNA or uPA siRNA pool (5 µM) was transfected 
into control, Drosha, DGCR8, or Dicer knockdown cells for 3 days and 
then analyzed for in vitro invasion. Data are mean ± SE (n = 3). #P < 0.05 
versus scrambled RNA. *P < 0.005 versus scrambled RNA.
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those in low uPA-expressing cells, while the levels of their 
respective primary miRNAs are very similar between them 
(Fig. 3). This observation clearly shows that low levels of 
mature miR-193a/b and miR-181a in high uPA-expressing 
cells are not due to reduced gene transcription. In fact, the 
levels of Drosha/DGCR8 are low in high uPA-expressing 
cells (Fig. 3). Forced expression of Drosha/DGCR8 
increases levels of mature miR-193a/b and miR-181a  
(Fig. 3). Our results suggest that low levels of mature uPA 
mRNA-targeted miRNAs (miR-193a/b and miR-181a) in 
invasive breast cancer cells are most likely caused by poor 
pri- to pre-miRNA processing. Recent studies have shown 

that downregulation of Drosha and Dicer is associated with 
a specific subgroup of breast cancer (high grade and high 
Ki67 index).47 Certain alternative initiation and splicing of 
Dicer gene observed in breast cancer cells can inhibit the 
translation of Dicer mRNA to protein.48 Although our 
results generated from the established breast cancer cell 
lines argue that reduced Drosha/DGCR8 expression may be 
the main cause contributing to the lower level of uPA 
mRNA-targeted miRNAs in breast cancer cells, it is very 
likely that reduced Dicer can also account for inefficient 
uPA mRNA-targeted miRNA processing in breast cancer 
cells, especially as concurrent reduction of Drosha and 
Dicer was detected in 15% of breast tumor specimens.49 
Taken together, these studies implicate that in addition to 
the reduced primary miRNA transcription, poor miRNA 
processing can be another mechanism contributing to 
reduced levels of cancer-inhibitory miRNAs.

uPA is well recognized as a key molecule in the process 
of cancer invasion and matastasis,50 and its overexpression 
is detected in various metastatic tumors including breast 
cancer.28 In the MMTV-PymT transgenic breast cancer 
model, uPA deficiency was found to reduce metastasis more 
than 7-fold.51 Knockdown of uPA also exhibited great 
inhibitory effect on breast cancer cell invasion and metasta-
sis.52 These findings indicate the possibility of circumvent-
ing metastatic breast tumors by inhibiting uPA expression. 
As the delivery of miR-26a has exhibited a promising 
tumor-suppressing effect,13 we reason that uPA mRNA-
targeted miRNAs may also be employed as therapeutic 
agents against breast cancer invasion/metastasis.

Materials and Methods
Cells, shRNAs, miRNAs, and other reagents. MDA-MB-231 

and MDA-MB-436 cells were cultured in DMEM supple-
mented with 10% FBS. MCF-7 and T47D cells were cul-
tured in DMEM supplemented with 10% FBS plus 10 µg 
insulin. Antibodies used in immunoblotting include anti-
Drosha polyclonal antibody (titer: 1:1,000) (Cat. No. 
07-717, Millipore, Billerica, MA), anti-DGCR8 polyclonal 
antibody (titer: 1:1,000) (Cat. No. 10996-1-AP, Proteintech 
Group, Chicago, IL), anti-Dicer polyclonal antibody (titer: 
1:1,000) (Cat. No. 3363, Cell Signaling Technology, Dan-
vers, MA), anti-uPA mAb (titer: 1:1,000) (Cat. No. 394, 
American Diagnostica, Stamford, CT), and anti–β-actin 
mAb (titer: 1:1,000) (Cat. No. sc-47778, Santa Cruz Bio-
technology, Santa Cruz, CA). Lentiviral vectors containing 
scrambled sequence, Drosha, DGCR8, or Dicer shRNAs 
were obtained from Addgene (Cambridge, MA). Mature 
miRNA mimics (miScript mimics) were purchased from 
Qiagen (Venlo, the Netherlands). Synthesized miRNA inhib-
itors were purchased from Applied Biosystems (Foster City, 
CA). The control and uPA siRNA pool were obtained from 
Fisher Scientific (Hampton, NH). Recombinant single-chain 
uPA was purchased from American Diagnostica.

0

50

100

150

200

250

300

A

Control
miR-193a
miR-193b
miR-181a

+  - - - - +  - - - -
- +  - - +      - +  - - +
- - + - +      - - + - +
- - - +  +      - - - +  +

N
um

be
r o

f I
nv

as
iv

e 
C

el
ls

*
*

*

**

* * *
*

*

*

**

* * *

B

0

50

100

150

200

250

300

350

N
um

be
r o

f I
nv

as
iv

e 
C

el
ls

co
nt

ro
l 0          0.1         0.4          1           4          10 nM scuPA

miR-193a + miR-193b + miR-181a Mimics

_____________________

MDA-MB-231

MDA-MB-436

MDA-MB-231

Figure 7.  miR-193a, miR-193b, and miR-181a precursors inhibit breast 
cancer cell invasion. (A) MDA-MB-231 and MDA-MB-436 cells were 
transfected with 5 µM negative control, miR-193a, miR-193b, or miR-181a 
either individually or in combination for 3 days. Cells were then detached 
and added into the invasion chamber for 24 hours to allow invasion. 
The invading cells on the undersurface of the chamber were stained and 
counted under a phase-contrast microscope. Data are mean ± SE (n = 3). 
*P < 0.005 versus negative control. **P < 0.001 versus negative control. 
(B) MDA-MB-231 cells were treated with a combination of 5 µM miR-
193a, miR-193b, and miR-181a precursors for 3 days. Cells were analyzed 
for in vitro invasion in the presence of various concentrations of scuPA 
(0.1-10 nM). Data are mean ± SE (n = 3). *P < 0.005 versus 0 nM scuPA.
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In vitro invasion assay. Cell invasion was performed as pre-
viously described.53 Cells were detached with trypsin and 
then resuspended in serum-free medium at densities of 1.5 × 
106 cells/mL, and 300 µL of cell suspension was added into 
each Matrigel-coated invasion chambers (Cell Biolabs, San 
Diego, CA). After a 24-hour invasion period, the remaining 
cells in the chambers were removed by cotton swabs, and 
the invading cells on the lower surface of the chambers were 
stained with Diff-Quick staining solution. The number of 
invading cells was calculated by counting 3 different fields 
under a phase-contrast microscope. To determine DGCR8, 
Drosha, or Dicer knockdown effect, cells were infected with 
lentiviral vectors containing Drosha, DGCR8, or Dicer shR-
NAs for 4 days before invasion assay. To determine the 
importance of uPA in invasion, cells were transfected with 5 
µM uPA siRNA (siuPA) pool or scrambled RNA using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) for 3 days fol-
lowed by invasion assay. To determine the effect of 
exogenous uPA on cell migration, 4 nM recombinant single-
chain uPA was added into cells during the invasion period. 
To determine the effect of miRNA mimics, 5 µM miR-181a, 
miR193a, and miR193b mimics were transfected into MDA-
MB-231 using Lipofectamine 2000 (Invitrogen) for 3 days 
before the analysis of invasion.

qRT-PCR. Total RNA was extracted using Trizol (Invitro-
gen) and then treated with DNase I (Fermentas, Burlington, 
ON, Canada). The levels of mature miR-193a, miR-193b, 
and miR-181a were analyzed with miR-193a, miR-193b, 
and miR-181a TaqMan microRNA Assay Kit (Applied Bio-
systems), respectively. The levels of precursor miRNAs 
were measured with the respective miScript pre-miRNA 
assay kit (Qiagen). The levels of primary miRNAs were 
measured using primer sets specific for each miRNA. The 
levels of GAPDH mRNA were also measured and used as 
the internal normalization factor. All primer sequences are 
included in the supplementary material.

Construction of human uPA 3′-UTR luciferase reporter gene 
construct. The 3′-UTR of human uPA mRNA was generated 
by RT-PCR using total RNA isolated from MDA-MB-231 
cells, and the PCR fragment was subcloned into pMIR 
luciferase report vector (Applied Biosystems). Primers for 
synthesizing 3′-UTR of human uPA mRNA are included in 
the supplementary material. To destroy the predicted 
miRNA-binding sites in uPA 3′-UTR, mutagenesis was per-
formed with the aid of a QuikChange kit (Stratagene, La Jolla, 
CA). The primers used for introducing mutation are included 
in the supplementary material. To determine miRNA/uPA 
mRNA interaction, reporter gene constructs were cotrans-
fected into MDA-MB-231 cells with miR193a, miR-193b, or 
miR-181a mimics for 2 days. Expression vector encoding 
Renilla luciferase at a 1:50 ratio was included during transfec-
tion. A dual luciferase system (Promega, Fitchburg, WI) was 
used to measure luciferase activity according to the 

manufacturer’s protocol. The Renilla luciferase activity serves 
as an internal control for standardization.

Statistical analysis. Statistical analyses of in vitro invasion 
assays and luciferase activities were performed by the Stu-
dent t test using Microsoft Excel software (Redmond, WA). 
P < 0.05 was considered statistically significant.
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