
MicroRNA-21 Targets the Tumor Suppressor Gene
Tropomyosin 1 (TPM1)*

Received for publication, December 12, 2006, and in revised form, March 15, 2007 Published, JBC Papers in Press, March 15, 2007, DOI 10.1074/jbc.M611393200

Shuomin Zhu, Min-Liang Si, Hailong Wu, and Yin-Yuan Mo1

From the Department of Medical Microbiology, Immunology, and Cell Biology, Southern Illinois University School of Medicine,
Springfield, Illinois 62794

MicroRNAs are small noncoding RNAmolecules that control
expression of target genes. Our previous studies show that
mir-21 is overexpressed in tumor tissues compared with the
matched normal tissues. Moreover, suppression of mir-21 by
antisense oligonucleotides inhibits tumor cell growth both in
vitro and in vivo. However, it remains largely unclear as to how
mir-21 affects tumor growth, because our understanding of
mir-21 targets is limited. In this study, we performed two-di-
mensional differentiation in-gel electrophoresis of tumors
treated with anti-mir-21 and identified the tumor suppressor
tropomyosin 1 (TPM1) as a potential mir-21 target. In agree-
ment with this, there is a putative mir-21 binding site at the
3�-untranslated region (3�-UTR) of TPM1 variants V1 and V5.
Thus, we cloned the 3�-UTR of TPM1 into a luciferase
reporter and found that althoughmir-21 down-regulated the
luciferase activity, anti-mir-21 up-regulated it. Moreover,
deletion of the mir-21 binding site abolished the effect of
mir-21 on the luciferase activity, suggesting that this mir-21
binding site is critical. Western blot with the cloned
TPM1-V1 plus the 3�-UTR indicated that TPM1 protein level
was also regulated by mir-21, whereas real-time quantitative
reverse transcription-PCR revealed no difference at the mRNA
level, suggesting translational regulation. Finally, overexpres-
sion of TPM1 in breast cancer MCF-7 cells suppressed anchor-
age-independent growth. Thus, down-regulation of TPM1 by
mir-21may explain, at least in part, why suppression ofmir-21
can inhibit tumor growth, further supporting the notion that
mir-21 functions as an oncogene.

MicroRNAs (miRNAs)2 are a class of naturally occurring
small noncoding RNAs that regulate gene expression by target-
ing mRNAs for translational repression or cleavage (1, 2). Like

protein-coding mRNAs, miRNAs are transcribed as long pri-
mary transcripts in the nucleus. However, unlike protein-cod-
ing mRNAs, miRNAs are subsequently cleaved to produce
stem-loop-structured precursor molecules of �70 nucleotides
in length (pre-miRNAs) by the nuclear RNase III enzyme Dro-
sha (3). The pre-miRNAs are then exported to the cytoplasm,
where the RNase III enzyme Dicer further processes them into
mature miRNAs (�22 nucleotides). Thus, miRNAs are related
to, but distinct from, short inferring RNAs (siRNAs) (4, 5). A
key difference between siRNAs and miRNAs is that siRNAs
require almost identical sequences to targets to exert their
silencing function, whereas miRNAs bind through partial
sequence homology to the 3�-untranslated region (3�-UTR) of
target genes. Because of this unique feature, a singlemiRNAhas
multiple targets. Thus, miRNAs could regulate a large fraction
of protein-coding genes, and as high as 30%of all genes could be
miRNA targets (6).
As a new layer of gene regulation mechanism, miRNAs

have diverse functions, including the regulation of cellular
differentiation, proliferation, and apoptosis (7, 8). Hence,
deregulation of miRNA expression may lead to a variety of
disorders. Aberrant expression of miRNAs in cancer has
been well documented (7). Apparently, miRNAs may func-
tion as tumor suppressors or oncogenes by targeting onco-
genes or tumor suppressor genes (9). In this regard, tumor-
suppressive miRNAs are usually underexpressed in tumors.
For instance, let-7 is down-regulated in lung cancer (10, 11).
Furthermore, more than 60% of investigated patients suffer-
ing from B-cell chronic lymphocytic leukemia (B-CLL) have
been reported to show a deletion at chromosome 13q14
where the mir-15 and mir-16 genes are located; these genes
are under-represented in many B-CLL patients (12). Dereg-
ulation of miRNAs has also been reported in many other types
of cancers. However, although miRNAs have been the subject
of extensive research in recent years, the molecular basis of
miRNA-mediated gene regulation and the effect of these genes
on tumor growth remain largely unknown because of our lim-
ited understanding of miRNA target genes.
Identification of miRNA target genes has been a great chal-

lenge. Computational algorithms have been the major driving
force in predictingmiRNA targets (13–15). The approaches are
mainly based on base pairing of miRNA and target gene
3�-UTR, emphasizing the location of miRNA complementary
elements in 3�-UTR of target mRNAs, the concentration in the
seed (6–8 bp) of continuous Watson-Crick base pairing in the
5� proximal half of the miRNA, and the phylogenetic conserva-
tion of the complementary sequences in 3�-UTRs of ortholo-
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gous genes. However, evidence suggests that perfect seed pair-
ing may not necessarily be a reliable predictor for miRNA-
target interactions (16), whichmay explainwhymany predicted
target sites are nonfunctional. A recent study also suggests that
theremay be at least three types ofmiRNA-mRNA interactions
in mammals (17). Hence, with few exceptions, large portion of
the physiologic targets for miRNAs remain to be identified or
verified experimentally.
In this study, we analyzed tumors derived from breast cancer

MCF-7 cells treated with antisense mir-21 oligonucleotide
(anti-mir-21) or the negative control by two-dimensional dif-
ferentiation in-gel (2-DIGE) and identified the tumor suppres-
sor tropomyosin 1 (TPM1) as a putative mir-21 target. Subse-
quent experiments confirmed that mir-21 down-regulated
expression of TPM1, whereas anti-mir-21 up-regulated its
expression through the mir-21 binding site at the 3�-UTR
region. Furthermore, ectopic expression of TPM1 suppressed
anchorage-independent growth.

EXPERIMENTAL PROCEDURES

Cell Culture—MCF-7 cells (obtained from American Type
Cell Collection, Manassas, VA) were grown in RPMI 1640
(Cambrex, Walkersville, MD) supplemented with 10% fetal
bovine serum (Sigma-Aldrich), 2 mM glutamine, 100 units of
penicillin/ml, and 100 �g of streptomycin/ml (Cambrex).
MCF10A cells (ATCC) were grown in serum-free mammary
epithelial growth medium (from Cambrex) supplemented with
100 ng/ml cholera toxin (EMD Biosciences, San Diego, CA).
293T cells (ATCC) were grown in Dulbecco’s modified Eagle’s
medium (Cambrex) supplemented with 10% fetal bovine
serum. All cells were incubated at 37 °C in a humidified cham-
ber supplemented with 5% CO2.
Reagents—Anti-mir-21 (AM17000, ID No. AM10206) and

the negative control (AM17010) were purchased from Ambion
(Austin, TX). Anti-TPM1 antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).
Transfection—Transfection of MCF-7 cells was performed

with Optifect reagent (Invitrogen) following the manufactur-
er’s protocol. Briefly, the cells were seeded in 6-well plates at
30% confluence on the day before transfection. Three �g of
TPM1-expressing plasmid or control vector was used for each
transfection in antibiotic freeOpti-MEMmedium (Invitrogen).
Transfection of 293T cells was performed using the calcium
phosphate method as described previously (18). The negative
control oligonucleotide or anti-mir-21 oligonucleotide (both
from Ambion) at 50 nM or 3 �g of appropriate plasmid (other-
wise indicated) was used for each transfection. Transfection
efficiency was monitored by spiking GFP-expressing vector or
�-galactosidase-expressing vector when necessary.
Detection of Mature mir-21 by TaqMan Real-time PCR—

TaqMan miRNA assays (ABI, Forest City, CA) used the stem-
loop method (19, 20) to detect the expression level of mature
mir-21. For RT reactions, 10 ng total RNA was used in each
reaction (15 �l) and mixed with the RT primer (3 �l). The RT
reaction was carried out under the following conditions: 16 °C
for 30 min; 42 °C for 30 min; 85 °C for 5 min; and then held on
4 °C. After the RT reaction, the cDNA products were diluted at
150�, and 1.33 �l of the diluted cDNA was used for PCR reac-

FIGURE 1. Identification of differentially expressed proteins from tumors
treated with anti-mir-21 or negative control by 2-DIGE. Tumors were har-
vested, frozen and processed as described under ”Experimental Procedures.“
Protein was labeled with Cy3 (green) for negative control and Cy5 (red) for
anti-mir-21, respectively. Isoelectric focusing was carried out at pH 3–10, and
the two-dimensional separation was carried out in an 8 –14% gradient SDS-
PAGE. A, protein profiles of tumor samples treated with negative control or
anti-mir-21. B, gel image revealing differential expression of proteins in the
control and treated samples after merging. Protein spots shown in red are
presumably due to up-regulation by anti-mir-21, and 10 such spots are circled.
The molecular weight and pH markers are also indicated. T, TPM1; S,
SELENBP1; I, ITGB4BP. C and D, up-regulation of the endogenous TPM1 in
tumor samples by anti-mir-21 as detected by Western blot. Values in D are
means of three separate experiments � S.E. **, p � 0.01. N, negative control;
A, anti-mir-21.
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tion along with TaqMan primers (2 �l). The PCR reaction was
conducted at 95 °C for 10min followed by 40 cycles of 95 °C for
15 s and 60 °C for 60 s in the ABI 7500 real-time PCR system.
The real-time PCR results were analyzed and expressed as rel-
ative miRNA expression of CT (threshold cycle) value, which
was then converted to fold changes (19). The RT primer, PCR
primers, and TaqMan probe for mir-21 (19) were purchased
from ABI. U6 or 5S RNA was used for normalization.
Detection of TPM1mRNA—Todetect relative levels ofTPM1

transcription, qRT-PCR was performed using the Cyber Green
method under the following conditions: 94 °C for 3 min fol-
lowed by 30 cycles of 94 °C for 0.5 min, 54 °C for 1 min, and
72 °C for 0.5 min. PCR primers were TPM1-5.1, sense,
5�-CTCTCAACGATATGACTTCCA-3�, and TPM1-3.1, anti-
sense, 5�-TTTTTTTAGCTTACACAGTGTT-3�. Both were
purchased from Sigma-Genosys (Woodland, TX).
Constructs—To construct a plasmid expressing mir-21, we

first modified pCMV-Myc (Clontech, Mountain View, CA) by
deleting theMyc tag by PCR.We then amplified a 500-bp DNA
fragment carrying pre-mir-21 from MCF10A genomic DNA
using PCR primers mir-21-5.1, 5�-GAATTCTGATTGAACT-
TGTTCATTTT-3� where the EcoRI site is underlined, and
mir-21-3.1, 5�-GGTACCAATTAAGACTATCCCCATTTCT-
CCA-3�, where the KpnI site is underlined. The amplified frag-
ment was first cloned into pCR8 (Invitrogen) and was subse-
quently cloned into this modified pCMV vector at the EcoRI
and KpnI sites.
Full-length TPM1 plus 3�-UTR was amplified from MCF-7

cells using primers TPM1-EcoRI-5.1, 5�-GAATTCTGGACG-
CCATCAAGAAGAAGA-3�, and TPM1-UTR-NotI-3.1, 5�-
GCGGCCGCCCTACAATGTGCATTTTATTCC-3�, then
cloned into pCR8, and finally subcloned into the original
pCMV-Myc. The 250-bp 3�-UTR region of TPM1 was also

amplified from MCF-7 cells using
primers TPM1-UTR-XbaI-5.1, 5�-
TCTAGACTCTCAACGATATG-
ACTTCCA-3�, and TPM1-UTR-
XbaI-3.1, 5�-TCTAGATTTTTTT-
AGCTTACACAGTGTT-3�, using
the same approach described above,
and was finally cloned into pGL3
control vector (Promega, Madison,
WI) at the XbaI site.
To construct a plasmid express-

ing the GFP-TPM1 fusion protein
(pEGFP-TPM1�UTR), we also
used primers TPM1-R1-5.1 and
TPM1-UTR-NotI-3.1 as indicated
above. This fragment was finally
cloned into pEGFP-C3 (Clontech)
at the EcoRI and NotI sites in-frame
with the GFP coding region.
To clone the 3�-UTR of TPM1

into a GFP reporter, which was
different from the GFP fusion
construct, we first modified the
pEGFP-C3 by introducing a stop
codon in the front of the multiple

cloning sites by PCR and then cloning the TPM1-UTR frag-
ment into EcoRI site of this modified vector. All PCR products
were verified by DNA sequencing before cloning into the final
destination vectors.
LuciferaseAssay—293Tcellswere seeded in 6-well plates and

transfected with luciferase reporters using the calcium phos-
phate method as described above. After transfection, the cells
were split into 12-well plates (in duplicates) and harvested for
luciferase assays 24 h later using a luciferase assay kit (Promega)
according to the manufacturer’s protocol. �-Galactosidase was
used for normalization.
Cell Growth Assay—After transfection with vector control or

TPM1-expressing vector, the cells were seeded into 96-well
plates at 2500 cell/well. The MTT assay was used to determine
relative cell growth as described previously (21).
Anchorage-independent Assay—To determine anchorage-

independent growth of transfected cells, the cells were grown in
soft agar according to a published method (22). Briefly, 1 day
after transfection with TPM1, cells were harvested and mixed
with tissue culture medium containing 0.7% agar to result in a
final agar concentration of 0.35%. Then, 1-ml samples of this
cell suspension were immediately plated in 12-well plates cov-
ered with 0.6% agar in tissue culture medium and cultured at
37 °C with 5% CO2. To assess cell viability before plating in soft
agar, cell number was determined by trypan blue staining in
Vi-Cell XR (Beckman Coulter, Fullerton, CA).
Western Blot—Total protein was isolated from tumor sam-

ples or 293T cells transfected with an appropriate plasmid in
cell lysis buffer (20mMTris, pH 8.0, 100mMNaCl, 1mMEDTA,
0.5%Nonidet P-40). Protein concentrationwasmeasured using
the Bio-Rad protein assay kit. The membrane was first probed
with antibodies against Myc (Applied Biomaterials) or GFP

FIGURE 2. Down-regulation of luciferase activity of Luc-TPM1-V1-UTR. A, schematic description of
TPM1 variants 1 (GenBankTM accession number NM_001018005.1) and 5 (GenBankTM accession number
NM_000366.5). The coding region is shown in the open box from nucleotides 192–1406. B, alignment of
the TPM1 UTR mir-21 binding site from variants 1 and 5 with mir-21, displayed in 3� to 5�. C, luciferase
activity of Luc-TPM1-V1-UTR compared with that of the pGL3 control vector, which was carried out in 293T
cells. **, p � 0.01.
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