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MicroRNAs (miRNAs) are a class of naturally occurring small non-coding RNAs that target protein-coding mRNAs 

at the post-transcriptional level. Our previous studies suggest that mir-21 functions as an oncogene and has a role in 

tumorigenesis, in part through regulation of the tumor suppressor gene tropomyosin 1 (TPM1). Given that TPM1 has 

been implicated in cell migration, in this study we further investigated the role of mir-21 in cell invasion and tumor 

metastasis. We found that suppression of mir-21 in metastatic breast cancer MDA-MB-231 cells significantly reduced 
invasion and lung metastasis. Consistent with this, ectopic expression of TPM1 remarkably reduced cell invasion. 

Furthermore, we identified two additional direct mir-21 targets, programmed cell death 4 (PDCD4) and maspin, both 

of which have been implicated in invasion and metastasis. Like TPM1, PDCD4 and maspin also reduced invasiveness 

of MDA-MB-231 cells. Finally, the expression of PDCD4 and maspin inversely correlated with mir-21 expression in 

human breast tumor specimens, indicating the potential regulation of PDCD4 and maspin by mir-21 in these tumors. 

Taken together, the results suggest that, as an oncogenic miRNA, mir-21 has a role not only in tumor growth but also 

in invasion and tumor metastasis by targeting multiple tumor/metastasis suppressor genes. Therefore, suppression of 

mir-21 may provide a novel approach for the treatment of advanced cancers.
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Introduction

MicroRNAs (miRNAs) are a class of naturally occurring 

small non-coding RNAs that target protein-coding mRNAs 

by repressing translation or causing mRNA degradation [1, 

2]. Mature miRNAs comprise about 22 nucleotides, de-

rived from long transcripts pri-miRNAs and pre-miRNAs. 

Although miRNAs operate in a similar fashion as short 

interfering RNAs (siRNAs) [3, 4], they typically target a 

cluster of genes instead of one specific gene. It is predicted 
that an average miRNA can have more than 100 targets 

[5]. Emerging evidence demonstrates an important role of 

miRNAs in regulating diverse cellular processes including 

differentiation, proliferation and apoptosis [6, 7]. 

Deregulation of miRNAs affects normal cell growth 

and development, leading to a variety of disorders includ-

ing human malignancies [6, 8-11]. Of particular interest, 

the overall miRNA expression profile of normal tissues 
is distinct from that of tumor tissues [12]. Specific sets 
of miRNAs may serve as biomarkers to predict clinical 

outcomes [13]. miRNAs can function as tumor suppres-

sors or oncogenes, depending on whether they specifically 
target oncogenes or tumor suppressor genes [14-16]. In this 
regard, tumor suppressive miRNAs are usually underex-

pressed in tumors. For instance, let-7, mir-15 and mir-16 

are downregulated or deleted in lung cancer and leukemia 

[16-18]. By contrast, oncogenic miRNAs, such as mir-21 

and mir-155, are overexpressed in tumors or tumor cell 

lines [12, 19, 20]. 

Despite substantial progress in identifying the miRNA 

signatures for particular types of cancer by profiling miR-

NA expression in the past years, how miRNAs affect cancer 
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development and progression is still not well understood. 

We have previously shown that mir-21 promotes growth 

of the breast cancer cell line MCF-7 both in vitro and in 

vivo [21], which may be due to the ability of mir-21 to sup-

press the expression of the tumor suppressor PTEN [15, 

22]. Consistent with this, we subsequently discovered that 

mir-21 also directly represses the expression of the tumor 

suppressor gene tropomyosin 1 (TPM1) [23]. 

As tumor suppressor genes, PTEN and TPM1 are also 

implicated in cell migration and invasion [24, 25], sug-

gesting that mir-21 may also have a role in invasion and 

metastasis. However, little is known as to how mir-21 af-

fects these processes. The present study provides the first 
evidence that mir-21 regulates invasion and metastasis, 

at least in part, by targeting metastasis-related tumor sup-

pressor genes such as TPM1, programmed cell death 4 

(PDCD4) and maspin. Furthermore, examination of human 

breast tumor specimens revealed an inverse correlation of 

mir-21 with PDCD4 and maspin. These data raise the pos-

sibility that mir-21 targeting therapy may be more effective 

than blocking a single oncogenic pathway. 

Results

Mir-21 affects cell invasion and metastasis

We have previously shown that breast cancer MCF-7 

cells transfected with antisense mir-21 oligonucleotide 

(anti-mir-21) are inhibited in growth both in vitro and in 

vivo, which may be due in part to the negative regulation 

of TPM1 by mir-21 [23]. TPM1 might also have a role 

in cell invasion [24]. In addition, clinical studies of pan-

creatic cancer specimens suggest that mir-21 correlates 

with both tumor growth and metastasis [26]. Therefore, 

we investigated whether and how mir-21 affects inva-

sion and metastasis. We chose MDA-MB-231 because it 

is a metastatic breast cancer cell line, but also because it 

expresses a high level of mir-21, similar to MCF-7 cells 

(Figure 1A). Thus, we used the same anti-mir-21 approach 

to suppress mir-21 expression and found that the level of 

mature mir-21 was reduced by approximately 80% in the 

anti-mir-21-transfected cells (Figure 1B). Interestingly, 
anti-mir-21 had no effect on the growth of MDA-MB-231 

in vitro (Figure 2A). Furthermore, anti-mir-21 had no sig-

nificant effect on the orthotopic growth of MDA-MB-231 
cells (Figure 2B), although anti-mir-21-treated tumors 

were slightly smaller than the control tumors. These results 

are very different from those with MCF-7 cells [21]. One 

possibility could be that the manifestation of the biological 

effects of mir-21 is further defined by the specific genetic 
and epigenetic background of each cell line. MCF-7 cells 

are hormone-sensitive, but not metastatic unless implanted 

with matrigel. MDA-MB-231 cells, on the other hand, are 

highly tumorigenic and metastatic. While the differential 

effects of mir-21 on the growth of MCF-7 and MDA-MB-
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Figure 1 MDA-MB-231 cells express a high level of mature mir-21, which can be suppressed by anti-mir-21. (A) Detection of 

mature mir-21 by TaqMan real-time PCR using U6 RNA for normalization. Both MCF-7 and MDA-MB-231 cells express higher 

levels of mir-21 compared with 293T cells, which express low levels of mir-21. (B) Suppression of mir-21 by anti-mir-21 in MDA-

MB-231 cells. The cells were first transfected with anti-mir-21 or a negative control. After 2 days, they were harvested and total 

RNA was extracted using Trizol reagent. Mature mir-21 was detected by TaqMan real-time PCR using U6 RNA for normalization. 

Values in (A) and (B) are the means from three independent experiments ±SE. **P < 0.01.
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231 need to be further investigated, MDA-MB-231 cells 

offer a good model to study the effect of mir-21 on tumor 

invasion and metastasis. 

An in vitro invasion assay indicated that the invasive-

ness of MDA-MB-231 cells transfected with anti-mir-21 

was specifically reduced by approximately 60% (Figure 
3A and 3B). Since mir-21 is overexpressed in many types 

of solid tumors, including prostate cancer [12, 20, 22, 26-

30], mir-21-mediated cell invasion and metastasis may also 

occur in other types of tumors. Thus, we tested the effect 

of anti-mir-21 on metastatic prostate cancer PC-3MM 

cells [25], as determined by the same invasion assay. We 

found that anti-mir-21 also inhibited the invasiveness of 

PC-3MM (not shown). 

To further confirm the mir-21 effects, mir-21-transfected 

and negative control-transfected MDA-MB-231 cells were 

tail-vein injected into young female nude mice. Mouse 

lungs were harvested to evaluate tumor metastasis 3 weeks 

after the injection. As shown in Figure 3C and 3D, anti-

mir-21 significantly reduced the number of lung metastases. 
For instance, an average of 22 nodules were detected per 

lung in mice bearing negative control-transfected cells, 

whereas mice bearing anti-mir-21-transfected tumor cells 

produced an average of 2 tumor nodules per lung (Figure 

3D). These data demonstrate an important role of mir-21 

in tumor metastasis. 

Mir-21 directly targets PDCD4 and maspin in addition 

to TPM1

Although mir-21 has been previously shown to suppress 

the expression of PTEN [15, 22] and TPM1 [23], it is not 

clear whether the negative regulation of the target genes, 

in particular TPM1, contributes to the suppression of inva-

sion and metastasis by anti-mir-21. Furthermore, given that 

miRNAs usually target multiple genes at the post-transcrip-

tional level, it is highly likely that mir-21 exerts its effects 

by negatively regulating multiple genes that are involved 

in invasion and metastasis. Therefore, we searched for ad-

ditional mir-21 targets using a genetic screening/selection 

system, and identified PDCD4 and maspin as candidate 
mir-21 target genes (Wu et al., unpublished data). Of in-

terest, PDCD4 has been suggested to be a putative target 

for mir-21 and implicated in the metastasis of pancreatic 

tumors [26]. Maspin is a well-known tumor suppressor that 

can suppress tumor growth, invasion and metastasis [31]. 

Therefore, we examined the effect of TPM1, PDCD4 and 

maspin on the invasiveness of MDA-MB-231 cells. We 

first transfected MDA-MB-231 cells with Myc-tagged 
TPM1, PDCD4 or Flag-tagged maspin and confirmed 
their expression by western blotting with anti-Myc or 

anti-Flag antibodies (Figure 4A). As shown in Figure 4B, 

overexpression of TPM1 suppressed cell invasion by up 

to 75% compared with the vector control, suggesting that 

TPM1 is involved in cell invasion. Similarly, both PDCD4 

and maspin also significantly suppressed cell invasion in 
MDA-MB-231 cells (Figure 4B). These results suggest 

Figure 2 Effect of anti-mir-21 on MDA-MB-231 cell growth in vitro and in vivo. (A) MDA-MB-231 cells were transfected with 

anti-mir-21 or a negative control and then plated out in 96-well plates. Relative cell growth was measured by MTT assay at the 

indicated times. No difference in cell growth between the negative control and anti-mir-21 was detected. The values are the 

means from three separate experiments. (B) MDA-MB-231 cells were transfected with anti-mir-21 or a negative control and 

then injected into mice in the mammary fat pads (1.5 million cells per injection). Tumors were harvested 28 days after injection 

of the cells. No significant difference in tumor weight between the negative control (Neg) and anti-mir-21 (Anti) was detected. 

The values are the means from 5 animals ±SE.
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that mir-21 probably affects cell invasion and metastasis 

through regulating multiple target genes, such as TPM1, 

PDCD4 and maspin.

To further confirm that PDCD4 and maspin are direct 
mir-21 targets, we tested whether mir-21 can suppress the 

3′-UTR (untranslated region)-mediated gene expression, 

because, like TPM1, the 3′-UTR of each of PDCD4 and 

maspin carries a putative mir-21 binding site (Figure 5A). 

Thus, we cloned the PDCD4 3′-UTR and the maspin 3′-
UTR into the downstream of the luciferase gene (pGL3 

control vector), respectively. We tested the effect of mir-21 

on luciferase activity for each construct in 293T cells that 

express a low level of mir-21. As shown in Figure 5B, mir-

21 suppressed the luciferase activity of the Luc-PDCD4 3′-
UTR by more than 50% compared with the vector control, 

whereas deletion of the mir-21 binding site (underlined in 

Figure 5A) blocked this suppression (Figure 5B). Similarly, 

mir-21 also suppressed the luciferase activity of the Luc-

Maspin 3′-UTR by more than 40% compared with the vec-

tor control (Figure 5B), and deletion of the mir-21 binding 

site (underlined) reversed this suppression. To determine 

whether anti-mir-21 affects the expression of the endog-

enous target genes, we transfected MDA-MB-231 cells with 

negative control or anti-mir-21. Western blotting indicated 

that the suppression of mir-21 by anti-mir-21 in MDA-MB-

231 cells causes upregulation of endogenous PDCD4 and 

maspin (Figure 5C). In addition, we detected upregulation 
of endogenous TPM1 as has been shown previously [23], 

as well as of the endogenous PTEN by anti-mir-21 at the 

protein level (not shown). These results suggest that both 

Figure 3 Suppression of cell invasion and tumor metastasis by anti-mir-21. (A, B) Cell invasion assay. MDA-MB-231 cells were 

first transfected with anti-mir-21 (Anti) or a negative control (Neg) and then subject to matrigel chamber assays, as described 

in Materials and Methods. After 20 h, invasion cells were counted after staining with crystal violet. (A) Average invasive cell 

number from three independent experiments ±SE. (B) Representative fields of invasive cells on the membrane. (C, D) In vivo 

metastasis assay. MDA-MB-231 cells were first transfected with anti-mir-21 (Anti) or a negative control (Neg) and then injected 

into animals through tail veins, as described in Materials and Methods. Animals were killed 3 weeks after injection. (C) Average 

tumor nodules in the lung (n = 5). (D) Representative tumor nodules. ** P < 0.01.
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PDCD4 and maspin are direct mir-21 targets. 

PDCD4 protein level negatively correlates with mir-21 
expression in tumor specimens

To determine the clinical significance of mir-21 target 

genes, we examined PDCD4 protein levels in 8 pairs of 

matched breast tumor specimens by western blotting. As 

expected, lower levels of PDCD4 were detected in tumors 

in all cases (Figure 6A). To determine whether there is any 

correlation between PDCD4 and mir-21, we also measured 

mir-21 expression in these cases using TaqMan real-time 

PCR and found that all tumors had higher levels of mir-21 

expression. Statistical analysis using the Pearson’s method 

confirmed the inverse correlation between PDCD4 protein 
and mir-21 in these tissue samples, with a correlation 

coefficient of –0.824 (Figure 6C). Similar to PDCD4, we 
also detected downregulation of maspin in tumors in 3 of 

4 cases (Figure 6B).

Therefore, although it is possible that other cancer-re-

lated cellular factors are also altered in breast tumors, and 

more samples may be required to make a firm conclusion, 
upregulation of mir-21 might at least in part be attributive 

to the downregulation of metastasis-related tumor suppres-

sors, such as PDCD4 and maspin. 

Discussion

Metastasis is a major cause of cancer-related death. 

Hence, identifying the role of mir-21 in invasion and me-

tastasis has direct clinical implications. Although it is now 

known that miRNAs might have a key role in cancer de-

velopment, the underlying mechanism is largely unknown. 

We show here that the overexpression of TPM1 suppresses 

the invasiveness of MDA-MB-231, and identify PDCD4 

and maspin as direct targets for mir-21 through interacting 

with their 3′-UTR. More importantly, our present study 
suggests that, as an oncogenic miRNA, mir-21 affects not 

only tumor growth but also invasion and metastasis. The 

biological effects of mir-21 are probably due to the simul-

taneous repression of multiple tumor suppressor genes, 

including TPM1, PDCD4, maspin and PTEN. 

PTEN is well known for its role in tumor growth, inva-

sion and metastasis, while information regarding the role of 

TPM1, maspin and PDCD4 in these aspects is only recently 

emerging. PTEN is capable of restricting growth and sur-

vival signals by limiting the activity of the phosphoinositide 

3-kinase (PI3K) pathway. A decrease in functional PTEN 
causes constitutive activation of downstream components 

of the PI3K pathway including Akt, leading to tumor pro-

gression and metastasis [32]. Thus, PTEN downregulation 

by mir-21 may contribute to transformation and increased 

tumor cell survival [32]. TPM1 is an actin-binding protein 

and is capable of stabilizing microfilaments [33]. Moreover, 
TPMs regulate both microfilament organization and an-

chorage-independent growth, highlighting the importance 

of TPMs in cell transformation [34]. Since overexpression 

Figure 4 Effect of TPM1, PDCD4 and maspin on cell invasion. (A) Detection of TPM1-Myc, PDCD4-Myc and maspin-Flag by 

western blotting. Anti-Myc antibody was used to detect TPM1 and PDCD4, and anti-Flag antibody was used to detect maspin. (B) 

Cell invasion assays. MDA-MB-231 cells were transfected with plasmid constructs as indicated and then subjected to matrigel 

chamber assays. The same transfected cells in (A) were aliquoted out for the invasion assay. The values are the means from 

three independent experiments ±SE. ** P < 0.01.
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Figure 5 PDCD4 and maspin are direct mir-21 targets. (A) The PDCD4 UTR sequence reveals a putative mir-21 binding site 

(http://microrna.sanger.ac.uk/cgi-bin/targets/v4/detail_view.pl?transcript_id=ENST00000280154). The underlined sequence 

denotes a deletion in Luc-PDCD4-UTR-d. Also shown is the maspin UTR sequence, which reveals a putative mir-21 binding 

site (http://microrna.sanger.ac.uk/cgi-bin/targets/v4/detail_view. pl?transcript_id=ENST00000382771); the underlined portion 

was deleted in Luc-Maspin-UTR-d. (B) Effect of mir-21 on the luciferase activity of Luc-PDCD4-UTR and Luc-PDCD4-UTR-d, 

and the luciferase activity of Luc-Maspin-UTR and Luc-Maspin-UTR-d. The assay was done in 293T cells as described in Ma-

terials and Methods. V, vector (pCMV); 21, pCMV-mir-21. The values are the means from three independent experiments ±SE. 

**P < 0.01. (C) Suppression of mir-21 upregulates the endogenous PDCD4 and maspin in MDA-MB-231 cells, respectively. N, 

negative control; A, anti-mir-21. 
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of TPM1 suppresses cell invasion, our study supports the 

notion that TPM1 can have a role in cell invasion. 

A previous study has suggested that PDCD4 is a po-

tential target for mir-21 [26]. In support of this, our study 
further confirms that PDCD4 is a direct target for mir-21 

through the mir-21 binding site at the 3′-UTR. As a tumor 

suppressor protein, PDCD4 interacts with eukaryotic ini-

tiation factor 4A (EIF4A) and inhibits protein synthesis 
[35, 36]. PDCD4 also suppresses the transactivation of 

AP-1-responsive promoters by c-Jun, and phosphoryla-

tion of PDCD4 by Akt has been shown to decrease the 

ability of PDCD4 to interfere with the transactivation of 

the AP-1-responsive promoter by c-Jun [37]. The abil-

ity of PDCD4 to suppress cell invasion may involve the 

downregulation of MAP4K1 transcription [38]. In addition, 
PDCD4 represses the transcription of the mitosis-promot-

ing factor cyclin-dependent kinase (CDK)1/cdc2 through 
upregulating p21 [39]. However, until now little has been 

known about the post-transcriptional regulation of PDCD4 

expression. Our study suggests that PDCD4 is subject to 

miRNA regulation. 

Maspin has tumor-suppressive activity and its expression 

is substantially downregulated in mammary carcinomas, 

possibly through DNA methylation or loss of transcription 
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of the uPA/uPAR complex [41]. On the other hand, PDCD4 

is able to downregulate uPAR via its promoter region [40]. 

Therefore, the consequence of these actions by either 

PDCD4 or maspin is the reduction of uPAR level such that 

cell invasion or metastasis is inhibited. Our study shows that 

transient ectopic expression of PDCD4 or maspin leads to 

significant inhibition of cell invasion (Figure 4B). There-

fore, downregulation of PDCD4 and maspin by mir-21 

may promote tumor invasion and metastasis. Interestingly, 
maspin is known to suppress tumor invasion and metastasis 

without affecting cell growth. It remains to be determined 
whether the mir-21 effect on maspin is a major determinant 

of the observed MDA-MB-231 phenotype. 

Since MCF-7 and MDA-MB-231 cells respond so differ-

ently to anti-mir-21, it would be interesting to investigate 

the underlying mechanisms. In addition to their difference 
in metastatic potential and hormone sensitivity, MCF-7 and 

MDA-MB-231 may differ in other specific genetic and 
epigenetic backgrounds. Thus, gene profiling of these cells, 
after transfection with anti-mir-21, may provide some in-

dication of the possible mechanisms. In this regard, mir-21 

is similar to the tumor suppressor Drg-1, but in an opposite 

way because Drg-1 has been shown to suppress primary 

tumor growth in bladder cancer cells [45], functioning as 

a tumor suppressor. However, in prostate and colon cancer 

cells Drg-1 is able to suppress distant metastasis, but has no 

effect on primary tumor growth [46, 47], and functions as a 

metastasis suppressor. It remains to be determined whether 
mir-21 can target such similar tumor suppressor genes.

In summary, the identification of PDCD4 and maspin as 
direct mir-21 targets provides an exciting new insight into 

the molecular mechanism underlying the oncogenic effects 

of mir-21. Our data suggest that mir-21 may promote tumor 

invasion and metastasis by simultaneously downregulat-

ing multiple metastasis-related tumor suppressor genes 

operating at distinct steps of tumor progression. It remains 
an intriguing possibility that nature designed miRNAs to 

coordinate the expression of functionally regulated cluster 

of genes. Given that an miRNA can target over 100 genes 

[5], we expect that there are additional mir-21 targets yet 

to be identified in different cellular systems, which could 
also have a role in invasion and metastasis. Therefore, our 

biological evidence suggests that targeting mir-21 may 

provide a better strategy to block tumor metastasis. 

Materials and Methods

Cell culture, reagents and human tissues
Human breast cancer cell line MDA-MB-231 (American Type 

Cell Collection (ATCC), Manassas, VA) and human prostate carci-

noma PC-3-derived subline PC-3MM (from Dr Watabe, SIU) were 
grown in RPMI-1640 (Cambrex, Walkersville, MD), supplemented 
with 10% fetal bovine serum (Sigma-Aldrich, St Louis, MO), 2 mM 

Figure 6 Expression of PDCD4, maspin and mir-21 in matched 

breast tumor specimens. (A) Expression of PDCD4 protein in 

eight pairs of matched breast normal tissue and breast tumor 

tissues, as detected by western blotting. The specimen number 

is shown above each pair comprising normal (N) and tumor (T). 

(B) Expression of maspin in the matched tumor tissues. (C) A 

negative correlation between PDCD4 and mir-21 in matched 

tumor specimens.
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factors [31]. Since miRNAs only target mRNAs, they are 

not expected to exert any effect on target gene expression 

when the target genes are already silenced by DNA modi-

fication and/or transcriptional repression. Interestingly, 
anti-mir-21 can increase the expression of maspin in MDA-

MB-231 cells. This evidence raises the possibility that 

complete silencing of maspin also requires miRNAs.

Interestingly, both PDCD4 and maspin have been impli-
cated in the regulation of urokinase receptor (uPAR) [40, 

41], in addition to their association with apoptosis [42, 43]. 

uPAR is a cell invasion and metastasis-promoting factor and 

has been shown to be a potential prognosis marker [44]. In 
this regard, maspin has been shown to interact with cell-

surface-associated uPA and stimulates the internalization 



www.cell-research.com | Cell Research

Shuomin Zhu et al.

357

npg

glutamine, 100 U of penicillin/ml and 100 µg of streptomycin/ml 

(Cambrex). The cultivation of immortalized kidney epithelial cells 

293T (ATCC) was as described [5]. All cells were incubated at 37 °C 

in a humidified chamber supplemented with 5% CO2. 

Control negative oligonucleotide and anti-mir-21 oligonucleotide 

were purchased from Ambion (Huston, TX). Anti-maspin antibody 

was purchased from BD Biosciences (San Jose, CA). Anti-PDCD4 

antibody was from Rockland (Gilbertsville, PA). Anti-Myc antibody 

was from Applied Biological Materials (Vancouver, Canada). Anti-

Flag antibody was from Sigma (St Louis, MO). All PCR primers 

were purchased from Sigma-Genosys (Woodland, TX). Breast tumor 

specimens and their matching normal breast specimens were obtained 

from the Cooperative Human Tissue Network (CHTN) (Midwestern 

Division, Columbus, OH). 

Construction of expression vectors
Expression vectors of maspin [48], TPM1 and mir-21 [23] have 

been described previously. To construct a vector to express Myc-

tagged PDCD4, a DNA fragment covering the PDCD4 coding region 

was first amplified from MCF10A cDNA by PCR (forward primer 
5′-GAA TTC TGG ATG TAG AAA ATG AGC AGA and reverse 

primer 5′-GCG GCC GCT CAG TAG CTC TCT GGT TTA AG) and 

was then cloned into pCR8 (Invitrogen). After verification by DNA 
sequencing, the full-length PDCD4-coding fragment was finally 
cloned into pCMV-Myc (Clontech) at the EcoR1 and Not1 sites. 

Transfection
Cells were seeded in six-well plates at 30% confluence and grown 

overnight before transfection. Transfection of MDA-MB-231 and 

PC-3MM cells with anti-mir-21 or negative control oligonucleotide 

was performed using the RNAifectin reagent (Applied Biological 

Materials) according to the manufacturer’s protocol. Transfection 

of MDA-MB-231 cells with the expression vectors for Flag-maspin 

[48], Myc-TPM1 [23] and Myc-PDCD-4, and with mir-21, was 

performed using the DNAfectin Kit (Applied Biological Materi-
als). Transfection of 293T cells was performed using the calcium 

phosphate method as described previously [49]. 

Detection of mature mir-21 by TaqMan real-time PCR
PCR-based detection of mature mir-21 was performed by the 

TaqMan miRNA assays (ABI, Forest City, CA) as described previ-
ously [50, 51]. The real-time PCR results, recorded as threshold 

cycle numbers (Ct), were normalized against an internal control (U6 

RNA), and then expressed as fold changes [50].

Luciferase reporter assay
The 3′-untranslated mRNA sequences of maspin and PCDC-4 

containing the mir-21 binding site were amplified by PCR using the 
following primers:

PDCD4-UTR-5.1 (forward) 5′-ATA TAA GAA CTC TTG CAG 

TCT TAG A

PDCD4-UTR-3.1 (reverse) 5′-GAA TAA GTC TCA TGA CTA 

ATT TTT T

Maspin-UTR-5.1 (forward), 5′-GTG GCA TAG CCC ATG TTA 

AGT CC

Maspin-UTR-3.1 (reverse), 5′-AAA TTC AAT ATT GAA TCT 

CAG AAC

After amplification, PCR products were first cloned into pCR8 
and then individually subcloned downstream to the luciferase coding 

sequence in the luciferase reporter pGL3-control vector (Promega, 

Madison, WI). To make mir-21 binding site deletion mutants, we 

used the two-step PCR approach where the seed sequences were 

deleted in the primers used for PCR reactions. All constructs were 

verified by DNA sequencing. 293T cells were seeded in six-well 
plates and transfected with luciferase reporters using the calcium 

phosphate method as described [48]. After transfection, the cells 

were split into 12-well plates in duplicates, harvested 24 h later, and 

analyzed for luciferease activity using the assay kit from Promega. 

β-Galactosidase activity was used for normalizing the transfection 

efficiency and protein input.

Western blotting
SDS-PAGE and western blotting were performed according 

to standard procedures. Western blotting of β-actin on the same 

membrane was used as a loading control. Signals were detected by 

secondary antibodies labeled with either Alex Fluor 680 (Invitrogen) 
or IRDye 800 (Rockland Immunochemicals, Gilbertsville, PA) and 
signal intensity was determined by Odyssey Infrared Imaging System 
(Li-Cor Biosciences, Lincoln, NE) as described previously [21].

Cell proliferation assay
After transfection with negative control or anti-mir21, MDA-

MB-231 cells were seeded in 96-well plates at 2 500 cells/well. MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide) 

assay was used to detect viable proliferating cells at various time 

points [21].

In vitro invasion assay
The invasive potential of cells was measured in 12-well matri-

gel-coated invasion chambers (BD Biosciences, Bedford, MA). The 

lower chambers were filled with 0.75 ml of RPMI-1640 medium 
containing 10% fetal bovine serum (FBS). A cell suspension of 2.5 

× 104 in 0.5 ml RPMI-1640 medium was added into each well of 

the upper chamber. After the cells were incubated for 20 h at 37 °C 

in a humidified incubator with 5% CO2, the non-invading cells that 

remained on the upper surface of the membrane were removed by 

scraping. The invasive cells attached to the lower surface of the 

membrane insert were fixed in 10% formalin at room temperature 
for 30 min and stained with 0.05% crystal violet. The number of 

invasive cells on the lower surface of the membrane was then counted 

under a microscope. 

Tumor metastasis in vivo
Female athymic nude (nu/nu) mice (4-5 weeks old) were pur-

chased from Harlan Sprague Dawley (Indianapolis, IN) and were 
maintained in the SIU School of Medicine′s accredited animal 
facility. All animal studies were conducted in accordance with NIH 
animal use guidelines and a protocol approved by the SIU Animal 
Care Committee. Exponentially growing MDA-MB-231 cells were 

first transfected with negative control or anti-mir-21. One day after 

transfection, the cells were split and grown in a fresh medium for 

one more day before harvest for inoculation. A total of 0.8 million 

cells were injected into each mouse through tail veins. At 3 weeks 

after injection, the animals were killed, and lungs were harvested 

and fixed in Bouin’s solution before tumor nodules were counted. 
Alternatively, 1.5 million of the transfected MDA-MB-231 cells 

were injected into the mammary fat pad of nude mice to determine 

the primary tumor growth.
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Statistical analysis
The statistical significance of the in vitro studies was analyzed 

using Student’s t test. Differences with P values of less than 0.01 are 

considered significant. The linear correlation coefficient (Pearson’s 
r) was calculated to estimate the correlation between mir-21 values 

and PDCD4 levels in the matched breast tumor specimens.
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