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MicroRNAs are noncoding, endogenous small RNAs that
regulate target genes by cleavage of the targeted mRNA or
translational repression. We investigated the microRNA-
ome using 2-color microarrays in a highly invasive human
breast cancer cell line, MDA-MB-231 (subline 4175) and a
noninvasive breast epithelial cell line, MCF10A. We found 13
microRNAs that were up-regulated, and nine were down-regu-
lated significantly in 4175 cells (p< 0.05, -fold change>2) com-
pared with MCF10A cells. Interestingly, miR-27b and its puta-
tive target gene, ST14 (suppressor of tumorigenicity 14), had
inverse expression pattern in breast cancer cells. The 3�-un-
translated region of ST14 contains a regulatory element for
miR-27b, and our luciferase experiments indicate that antisense
miR-27b enhances ST14 expression in cancer cells. Further-
more, antagomir of miR-27b suppressed cell invasion in 4175
cells, whereas pre-miR-27b stimulated invasion in moderately
invasive ZR75 breast cancer cells. In addition, ST14 reduces cell
proliferation as well as cell migration and invasion. Analysis of
human breast tumors revealed that miR-27b expression
increases during cancer progression, paralleling a decrease in
ST14 expression. Furthermore, our data indicate that ST14
inhibits cells from entering into S phase by up-regulating p27,
which results in down-regulation of cyclin E-CDK2 complexes,
suggesting ST14 reduces cell growth through its effects on cell
cycle-related proteins. Introduction of miR-27b into ST14-ex-
pressing cells did not suppress the effect on cell growth. These
findings suggest that ST14 plays an important role in several
biological processes, and some effects are not completely
dependent on miR-27b regulation.

MicroRNAs (miRNAs)2 are a new class of noncoding, endog-
enous, small RNAs and are highly conserved between species

(1). miRNAs are generated by the RNase III type enzyme Dicer
from premature miRNAs, which are endogenous, hairpin-
shaped secondary transcripts (2, 3).MaturemiRNAs are single-
stranded and 19–25 nucleotides in length. They bind to target
sequences, usually at the 3�-UTR of genes, to down-regulate
expression by cleavage of the mRNA and/or translational
repression (4, 5). miRNA target genes can regulate cell devel-
opment and differentiation, the cell cycle, and apoptosis (6),
andmiRNAs therefore play an important regulatory role in cell
biology.
miRNAs may function as regulatory molecules and act as

oncogenes or tumor suppressors (7). Jiang et al. analyzed the
expression levels of 222 pre-miRNAs in 32 human cancer cell
lines by real time PCR (8). Expression profiling of mature
miRNAs has been performed in many cancers, such as lung
cancer (9), ovarian cancer (10), cervical cancer (11), prostate
cancer (12), breast cancer (13), colon cancer (14), and head and
neck cancer cell lines (15). Several studies revealed specific
miRNA expression patterns in normal and tumor samples (13,
16). Lorio et al. (13) identified 15miRNAs that can differentiate
normal versus cancer tissues, and a unique 20-miRNA metas-
tasis signature was defined that could significantly predict (p �
0.001) primary hepatocellular carcinoma tissues with venous
metastasis from metastasis-free solitary tumors (16).
Cancer metastasis is a highly complex process that involves

alterations in growth, dissemination, invasion, and survival,
which leads to subsequent attachment, angiogenesis, and
growth of newcancer cell colonies (17).miRNAshave profound
positive and negative effects on cancer metastasis (18, 19).
Overexpression of an artificialmiRNA that targeted theCXCR4
gene in the human breast cancer cell line, MDA-MB-231,
decreases cell migration and invasion (18). miR-10b is highly
expressed in human and mouse metastatic breast cancer cell
lines and positively regulates cell migration andmetastasis (19).
Importantly, miRNA research should seek the real target

genes experimentally rather than computationally and provide
evidence for their involvement in vital signaling pathways or
cell processes, such as development, differentiation, and apo-
ptosis. Hence, understandingmiRNA function and target genes
is an active area of research. miR-17–5p represses the AIB1
(amplified in breast cancer 1) gene aswell as the estrogen recep-
tor target genes, including cyclin D1 and E2F1 target gene
CDC2 (20). miR-21 down-regulates the tumor suppressor gene
TPM1 (tropomyosin 1), inMCF7 cells (21) and tumor suppres-
sor PDCD4 genes in colorectal cancer cell lines (22). Overex-
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pression of miR-200c can suppress transcription factor 8 and
increase the expression of E-cadherin, a key protein that regu-
lates epithelial-mesenchymal transition (23, 24). Repression of
estrogen receptor-� bymiR-206 occurs in human breast cancer
cell lines (25), whereasmiR-125a andmiR-125b overexpression
could suppress ERBB2 and ERBB3 expression (26). These data
clearly indicate that miRNAs play important roles in several
biological processes.
ST14 is an epithelium-derived membrane serine protease.

ST14 forms a complex with a serine-protease inhibitor, HAI-1
(27). The expression of ST14 has been associated with several
tumors, including breast, colon, prostate, and ovary (28). Pros-
tate tumor cells, LNCap, have extremely low ST14 activity
although expression levels of ST14 are high in these cells. Inter-
estingly, stimulation of ST14/matriptase activity increased the
ability of LNCap cells to invade (29). In contrast, ST14 levels are
down-regulated in SK-Hep1 human hepatoma cells, suggesting
a tumor-suppressive function of ST14 (30). Matriptase RNA
levels are low in colorectal carcinoma tissues compared with
normal tissues from healthy individuals as well as with their
adjacent normal tissue (27). These data indicate that ST14/
matriptase plays an important role in several types of cancers.
Relatively little is known about mechanisms regulating ST14 in
cancer.
Here, we profiled a highly invasive human breast cancer cell

line, MDA-MB-231 subline 4175 (henceforth referred to as
4175), and a noninvasive human breast epithelial cell line,
MCF10A, by miRNA microarrays and found that expression
levels of miR-27b were significantly different. We validated
these differences by multiple approaches and used several
bioinformatics tools to predict the target genes for these
miRNAs. The target formiR-27b is ST14; bothmiR-27b and ST14
show opposing expression patterns in MCF10A and 4175 cells.
Further, the regulatory roles of miR-27b on ST14 in human
breast cancer cells were determined using luciferase reporter
assays. Our study is the first to reveal that miR-27b negatively
regulates ST14 through a specific regulatory element located in
its 3�-UTR region. We also examined the expression levels of
miR-27b in a panel of 26 human breast cancer and 29 normal
breast samples and found higher expression of miR-27b in can-
cer samples, indicating the importance of miR-27b as a tumor
marker. Also, pre-miR-27b enhances cell growth of nonmalig-
nant cells, whereas ST14 inhibits cell growth of highly invasive
cells. Also, we demonstrate that ST14 plays an important role in
cell cycle during G1 to S progression. Cells expressing ST14
exhibited a defect in S phase entry with down-regulation of
cyclin E and CDK2, indicating that ST14 arrests cells at the
G1/S boundary. Surprisingly, the effect of ST14 on cell growth is
not related to miR-27b regulation, suggesting miR-27b-
dependent and -independent functions of ST14 exist. Further-
more, anti-miR-27b blocks cell invasion, and a precursor of
miR-27b (pre-miR-27b) stimulates cell invasion. In addition,
ST14 significantly reduces cell invasion. Our results reveal that
miR-27b may function as an oncogene, whereas ST14 may
function as a tumor suppressor in breast cancer cells. So far, it
has not been investigated whether ST14 is being regulated by
miRNAs. This is the first report demonstrating that miR-27b

via a specific target at nucleotides 115–122 of the 3�-UTR is
negatively regulating ST14.

EXPERIMENTAL PROCEDURES

Breast Cancer Cell Lines—Human breast cancer cell lines
4175 (a generous gift fromDr.Massague, Memorial Sloan-Ket-
tering Cancer Center, New York), MCF7, and MDA-MB-231
were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum. ZR75 was maintained
in RPMI medium supplemented with 10% fetal bovine serum.
The ERBB2-independent human mammary epithelial cell line,
MCF10A,wasmaintained inDulbecco’smodified Eagle’smedi-
um/F-12medium supplementedwith 5% fetal bovine serum, 20
ng/ml epidermal growth factor, 0.5 �g/ml hydrocortisone, 100
ng/ml cholera toxin, and 10 �g/ml insulin. Total RNA from
these cell lines was isolated by the miRNeasy kit (Qiagen Inc.,
Valencia, CA). The quality of RNA was determined by the Agi-
lent Bioanalyser 2100 and RNANano 6000 Labchip kit (Agilent
Technologies, Palo Alto, CA), and the concentrationwas deter-
mined with a NanoDrop apparatus (NanoDrop Technologies,
Inc., Wilmington, DE).
Normal and Tumor Breast Tissues—Fifty-five human breast

cancerous and noncancerous samples were obtained as surgical
samples from United States patients with primary breast carci-
noma. Frozen tissue sections were obtained from the southern
division (Birmingham, AL), eastern division (Philadelphia, PA),
mid-Atlantic division (Charlottesville, VA), midwestern divi-
sion (Columbus, OH), and western division (Nashville, TN) of
the Cooperative Human Tissue Network.
miRNA Microarray Analysis—miRNA microarray analysis

was performed as described on the Web site of LC Sciences
(Houston, TX). Briefly, poly(A) tails were coupled to the RNA
sequences at the 3�-ends using a poly(A) polymerase, and
nucleotide tags were then fused to the poly(A) tails. For each
experiment, two sets of RNA sequences were addedwith tags of
two different sequences for two different chips. The tagged
RNA sequences were then hybridized to anmiRNAmicroarray
chip containing 471 human miRNA probes. Probe sequences
are available upon request. RNAs fromMCF10A and 4175were
labeled with Cy3 and Cy5, respectively. Dye swap was done on
the second chip to eliminate any dye bias. The human miRNA
chip includes seven replicates for each miRNA. The data were
corrected by subtracting the background and normalized to the
statistical median of all detectable transcripts. Background was
calculated from the median of 5–25% of the lowest intensity
cells. A simple t test was used to identify the differential expres-
sion of miRNAs.
Real Time PCR Validation of miRNAs—Expression of ma-

ture miRNAs was assayed using TaqMan microRNA assays
(Applied Biosystems, Foster City, CA) specific tomiR-27b (part
number 4373068) on all cell lines. Each sample was analyzed in
triplicate. Reverse transcription (RT) was performed using 10
ng of total RNA and using the looped primers specific to each
miRNA. Real time PCRwas performed using the standard Taq-
ManmicroRNA protocols on an ABI7700 real time PCR detec-
tion system (ABI, Foster City, CA). The 20-�l PCR components
include 1.33 �l of RT product, 10 �l of TaqMan Universal PCR
Master Mix, No AmpErase UNG (part number 4324018;
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Applied Biosystems), and 1 �l of primer and probe mix. The
reactions were incubated in a 96-well plate at 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The
level of miRNA expression was measured using Ct (threshold
cycle), and the ��Ctmethod was used for relative quantitation
of miRNA expression levels. The �Ct was calculated by sub-
tracting theCt ofU6RNA from theCt of themiRNAof interest.
The��Ctwas calculated by subtracting the�Ct of one cell line
from the �Ct of other cell lines. -Fold change was generated
using the equation 2���Ct. The TaqMan microRNA assay for
U6 RNA was performed using the kit RNU6B (part number
4373381) (Applied Biosystems).
Real Time PCR Validation of ST14 Expression—ST14 gene

expression was examined in 55 human breast cancerous and
noncancerous tissues. cDNAs were synthesized using 1 �g of
each RNA sample using the Applied Biosystems high capacity
cDNA reverse transcription kit (part number 4331182) (ABI).
The 20-�l PCR components include 2�l of RTproduct, 10�l of
TaqMan Universal PCRMaster Mix, No AmpErase UNG (part
number 4324018; Applied Biosystems), and 1 �l of primer and
probe mix. The reactions were incubated in a 96-well plate at
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 1min. All of the PCRs were performed on anABI7900
Thermal Cycler. Human GAPDH (Applied Biosystems part
number 4333764T) was used as the housekeeping control to
normalize the ST14 expression data by the ��Ct method as
described above.
Statistical Analysis—QPCRdata were analyzed byGraphPad

Prism version 5.0 software. A nonpaired t test was applied to
assess the differences between the cancerous and noncancer-
ous tissues. One-way analysis of variance was performed for
QPCR data from different tissue types using the same software,
and the Tukey post-test was applied to assess the differences
between any two types of tissues. A value of p � 0.05 was con-
sidered statistically significant.
Northern Blotting—RNA samples (15 �g each) were run on

15%polyacrylamide, 7mol/liter urea criterion precast gels (Bio-
Rad) at 200 V for 1 h and transferred onto GeneScreen Plus
membranes (GE Healthcare). Membranes were fixed by UV
cross-linking at 1200 �J and baking at 80 °C for 1 h. Two hun-
dred nanograms of each probe was end labeled with 100 �Ci of
[�-32P] ATP using the T4 polynucleotide kinase (Roche
Applied Science). The hybridization was done at 37 °C in
ULTRA hyb-oligo hybridization buffer (Ambion, Austin, TX)
for 16 h. Membranes were washed at 37 °C, twice with 2� SSC
and then 0.5% SDS. The following antisense probe was used:
miR-27b, 5�-GTTCACCAATCAGCTAAGCTCT-3�. U6 RNA
(5�-GCAGGGGCCATGCTAATCTTCTCTGTATCG-3�) was
used for normalization.
miRNATarget Prediction—Prediction of miRNA targets was

performed with the bioinformatics tools TargetScan (31), Pic-
Tar (32), and miRanda (33).
Western Blot Analysis of miRNATargets—Cells were washed

twice with cold phosphate-buffered saline, and lysates were
prepared in 350 �l of radioimmune precipitation buffer and
centrifuged at 20,000 � g for 20 min at 4 °C. Small aliquots (10
�l) of the lysates were used for protein determination using a
BCA protein assay (Bio-Rad). Proteins (20–50 �g) were sepa-

rated by SDS-PAGE in slab gels of 6 or 12% polyacrylamide and
transferred on to polyvinylidene difluoride membranes (GE
Healthcare). Prestained protein markers were used to deter-
mine the transfer efficiency. The membranes were blocked in
5% milk in 0.1% Tris-buffered saline-Tween 20 for 1 h at room
temperature. Afterward, blots were incubated with various
antibodies overnight at 4 °C. Antibody binding was revealed by
incubation with horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology) and an ECL Plus immu-
noblotting detection system (GE Healthcare).
3�-UTR Luciferase Reporter Constructs and Luciferase Assay—

Two sets of complementary oligonucleotides from the 3�-UTR
of the ST14 gene, which contained the miR-27b putative bind-
ing site, were designed and synthesized by Integrated DNA
Technology (Coralville, IA) (listed in supplemental Table 1).
Wild-type and mutant oligonucleotides were annealed and
subcloned into the HindIII and SpeI site of the pMIR-report
vector (Ambion). These products are referred to as pMIR-
ST14-wt and pMIR-ST14-mut, for the wild-type and mutant
3�-UTRs from the ST14 gene, respectively. The dual luciferase
reporter assay system was purchased from Applied Biosystems
(Madison, WI). Cells were seeded at 1.5 � 105 cells/well in
6-well tissue culture plates 24 h before transfection. Cells were
transiently transfected with the pMIR reporter, pMIR-ST14-
wt, or pMIR-ST14-mut. pMIR-�-galactosidase vectors also
were introduced for normalizing transfection efficiency. After a
48-h transfection, cells were harvested and lysed in 200 �l of
lysis buffer, and the lysateswere assayed for luciferase and�-ga-
lactosidase activity following standard protocols (34).
Transfection of Pre-miR-27b and Anti-miR-27b—miR-27b

precursor and antisense miR-27b oligomer were purchased
from Ambion. The day before transfection, 1.5 � 105 cells
(4175, ZR75, or MCF10A) were seeded onto 6-well plates. Dif-
ferent doses of precursor and inhibitor, as well as the negative
control, were transfected using Lipofectamine 2000 as per the
manufacturer’s specifications (Invitrogen).With this approach,
we get about 70% of cells transfected. The levels of miR-27b
were assayed by real time PCR, and the levels of ST14 were
assayed by Western blot analysis 48 h after transfection.
Transwell Cell Migration and Cell Invasion—Cell migration

and cell invasion assayswere performed essentially as described
by us (35, 36). Briefly, 4175 or ZR75 cells were transiently trans-
fected with antisense miR-27b or precursor of miR-27b. A pRC
�-galactosidase plasmid (Stratagene, La Jolla, CA) was used as a
marker. The underside of the transwell was coated with
fibronectin. In case of cell invasion assays, the upper surface
was also coated with Matrigel (BD Scientific, San Jose, CA).
Cells were added to the upper surface. The �-galactosidase-
positive cells that migrated through the membrane during a
period of 24-h incubation (invasion was carried out for 48 h)
were counted by staining for �-galactosidase. The ratio of
migrated/invaded transfected cells to total transfected cells was
plotted (normalized to the vector control). All experiments
were done in the presence of serum. Similarly, ST14 (pcDNA
ST14 was purchased from Open Biosystems) plasmid was
transfected intoMDAMB-231 cells, and cell migration and cell
invasion experiments were performed. Serum-starved condi-
tion control was also added here. With our transfection
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approaches, we get about 70% of cells transfected, and the
expressed proteins from plasmids are stable for at least 6 days.
Cell Proliferation Assay—MDA MB 231 or 4175 cells were

transfected by using Lipofectamine 2000 (Invitrogen) to intro-
duce the ST14 � �-galactosidase plasmids, anti-miR-27b �
�-galactosidase or pre-miR-27b � �-galactosidase. The trans-
fection was allowed to proceed for 48 h, after which cells were
seeded into 12-well plates at a concentration of 2 � 104 in
triplicate; one for each respective time point was recorded.
At 24-h intervals, plates were collected, and the cells were
fixed in 2% paraformaldehyde and stained for 4 h at 37 °C for
�-galactosidase activity using X-gal (U.S. Biochemical
Corp.). The �-galactosidase-positive cells were counted for
each condition at each point under a Zeiss light microscope
(�100 magnification).
Cell Cycle Progression Analysis—ST14-transfected and

anti-miR-27b-transfected (and controls; other combinations
of miR-27b and ST14 and controls) 4175 cells were plated in
6-well plates and serum-starved overnight for synchroniza-
tion. The next day, serum was added to the cells, and after
24 h of stimulation, cells were trypsinized and fixed in 70%
ethanol. The cells were then stained with 0.4% propidium
iodide (containing 50 �g/ml propidum iodide with 100
�g/ml RNase A). The propidium iodide-DNA complexes in
cells were measured by FACScalibur. The rates of G1, S, and
G2 were determined using the computer program ModFit.
This analysis gave the percentage of cells in G1, S, and G2
phases.

RESULTS

miRNAome in 4175 and MCF10A Cells—To understand the
role of miRNAs in breast cancer progression, we examined the
expression pattern of miRNAs in a noninvasive breast cell

line, MCF10A, and a highly meta-
static breast cancer cell line, 4175,
using a genome-wide miRNA mi-
croarray consisting of 471 human
mature miRNAs. Based on probe
signal intensity, miRNA expression
was classified as low (1–1000), me-
dium (1000–5000) or high (�5000)
(supplemental Table 2). A t test
analysis demonstrated that 22
miRNAs showed significantly dif-
ferent expression in the two cell
lines (p � 0.05, -fold change �2),
with 13 miRNAs up-regulated and
nine down-regulated in 4175 cells
compared with MCF10A cells (sup-
plemental Table 3). Based on
expression levels, -fold change, and
novelty to cancer research (supple-
mental Table 3), we selected one
miRNA-27b, and expression levels
of miRNA-27b were further vali-
dated by quantitative real time PCR
analysis.
Expression Levels of miR-27b and

Its Putative Target Gene in Breast Cancer Cell Lines—miRNAs
can bind target sequences and directly regulate target genes.
However, since this binding does not require an exact comple-
mentary match, individual miRNAs may regulate multiple tar-
get genes (37). Three major online data bases, TargetScan (31),
PicTar (32), and MiRanda (33), can help predict potential
miRNAs targets, and we used these tools to predict the target
genes for miR-27b. All three data bases predicted that eight
genes are putative targets of miR-27b. These targets include
ST14 (suppressor of tumorigenicity), KITLG (KIT ligand),
RPS6KA5 (ribosomal protein S6 kinase), CCNG1 (cyclin G1),
CD28 (CD28 molecule), CDK5R1-p35 (cyclin-dependent
kinase 5, regulatory subunit 1), HMGB3 (high mobility group
box 3), and VAV3 (VAV3 oncogene). We selected five of them
that are more relevant to cancer biology for further analysis,
including ST14, cyclin G1, CD28, p35, and Vav3. Western blot
analysis showed that cyclin G1, CD28, p35, and Vav3 have sim-
ilar expression in highly invasiveMDAMB 231, 4175, and non-
invasive MCF10A. Interestingly, ST14 is very highly expressed
inMCF10A cells compared withMDAMB 231 and 4175, indi-
cating that ST14 expression levels vary in different cell types
(supplemental Fig. 1 and Fig. 1).
We examined the expression levels of miR-27b. miR-27b

expression levels were the highest in 4175, followed by MDA-
MB-231, and low in ZR75 (low invasive breast cancer cell line)
and MCF7 cells, by both Northern blotting and by QPCR (Fig.
1) analysis. ST14 is a transmembrane serine protease expressed
at high levels in early stages of ovarian cancers and down-reg-
ulated in advanced tumors (38). Expression levels of ST14
showed an inverse relation with the expression pattern of miR-
27b at both the RNA and protein levels (Fig. 1, WB and RT-
PCR), suggesting that ST14 may be negatively regulated by
miR-27b.

FIGURE 1. Expression of miR-27b and its putative target gene in human breast cell lines. Shown is analysis
of miR-27b and its putative target gene, ST14. Northern blotting was performed to detect the expression levels
of miR-27b (top), and U6 probe was used as a control (bottom). miR-27b expression in five cell lines was
measured by QPCR, and -fold change was generated using 2���Ct and normalized for U6 snRNA. Western blot
analysis (WB) showed the expression of ST14 in different cell lines. Lysates made from breast cell lines were
immunoblotted with anti-ST14 (top) and with anti-vinculin antibody (bottom). RT-PCR data show the expres-
sion of ST14 (top) and control GAPDH (bottom).
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A Putative miR-27b Binding Site Exists in the ST14 3�-UTR—
All three miRNA target algorithms predicted that the 3�-UTR
of ST14 harbors a putative miR-27b binding site (Fig. 2A). To
test whether the 3�-UTRof ST14 is a
functional target of miR-27b, we
cloned the 3�-UTR fragment con-
taining the putative binding site into
a pMIR reporter vector (pMIR-
ST14-wt), transfected 4175 cells,
which had the highest endogenous
expression of miR-27b, and assayed
for luciferase activity. The 4175 cells
transfected with pMIR-ST14-wt
showed a 4–5-fold decrease in lucif-
erase activity compared with vector
alone controls (Fig. 2B). To confirm
the specificity of ST14 3�-UTR
binding, we performed the same
assay with a mutated 3�-UTR se-
quence (pMIR-ST14 mut). As ex-
pected, this mutant sequence did
not affect the luciferase signal, sug-
gesting that the right 3�-UTR
sequence is required for this effect
(Fig. 2B). These data suggest that
miR-27b specifically binds to the
3�-UTR region of ST14 and reduces
ST14 expression.
To examine whether the effect of

3�-UTR of ST14 is specific to miR-
27b, we transfected 4175 cells with
the pMIR-ST14-wt along with the
antisense miR-27b and assayed for
luciferase activity. The cells showed
enhancement in luciferase activity
compared with control cells (with-
out the oligomer) or to cells trans-
fected with the control oligomer
(Fig. 2C). Also, we examined the
effect of precursor miR-27b on
luciferase by transfecting them into
MCF10A or ZR75 cells (both cells
do not express miR-27b). Transfec-
tion of the precursor miRNA with
the pMIR ST14-wt plasmid showed
a decreased luciferase activity in
ZR75 cells (Fig. 2D) and inMCF10A
cells (data not shown). Our data
indicated that 3�-UTR of ST14 is
specific to miR-27b.
Effects of Overexpression or Inhibi-

tion of miR-27b on Endogenous ST14
Expression—To examine whether
miR-27b directly regulates endoge-
nous ST14 levels, a 21-mer anti-
sense miR-27b (antagomir) was
transfected into 4175 cells, which
express ST14 protein, and miR-27b

and ST14 expression levels were examined. The anti-miR-27b,
but not the control, strongly inhibited expression of miR-27b,
as demonstrated by QPCR, and stimulated ST14 expression, as
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demonstrated by Western blotting
(Fig. 3A) as well as byQPCR analysis
(Fig. 3B). Next, the precursor of
miR-27b was transfected into ZR75
or MCF10A (data not shown) cells,
andwemeasured theeffect onendog-
enous ST14. A significant overex-
pression of miR-27b was observed
in pre-miR-27b-transfected cells
but not in pre-miR-negative control
cells. Also, decreased levels of ST14
were observed (Fig. 3C), as shownby
Western blotting as well as by
QPCR analysis (Fig. 3D). These data
clearly indicate that miR-27b regu-
lates the expression of ST14, pre-
sumably at the post-transcriptional
level.
Expression of miR-27b and ST14

in Breast Cancer Patients—Based
on our in vitro data, we suspected
that miR-27b might function as an
oncogene to dysregulate breast can-
cer cell growth. To examine this
possibility in vivo, we used QPCR to
measure the expression of miR-27b
in cancerous tissues. First, we exam-
ined the expression of miR-27b in
26 breast cancer tissues and 29 nor-
mal breast tissues. The expression
levels of miR-27b were higher in
cancer patients compared with nor-
mals (p � 0.06) (Fig. 4A). Twenty-
six tumor samples were divided into
three groups based on their histo-
logic subtype, and their expression
levels were compared. Fifteen
patients were diagnosed with inva-
sive ductal carcinoma (IDC), five
patients were diagnosed with inva-
sive lobular carcinoma, and six
samples were mixtures of invasive
lobular carcinoma and lobular car-
cinoma in situ. As shown in Fig. 4B,
miR-27b expression levels are sig-
nificantly higher in IDC patients
compared with normal breast.
When we combined all cancerous
patients data (Fig. 4A), the datawere

FIGURE 2. ST14 3�-UTR is regulated by miR-27b. A, a schematic representation of the wild-type and mutant ST14 gene 3�-UTRs with alignment of the miR-27b
binding site. B, miR-27b decreases ST14 luciferase activity. The reporter plasmids (pMIR-control, pMIR-ST14-wt, and pMIR-ST14-mut) were transiently trans-
fected into 4175 cells, along with a �-galactosidase expression plasmid. Luciferase activities were measured after 48 h and normalized against �-galactosidase
values. The data are the means 	 S.D. of separate transfections (n � 3) and are shown as the ratio of firefly luciferase activity to �-galactosidase activity. The
percentage of relative luciferase (RLU) activity was plotted. **, p � 0.01. C, antisense miR-27b enhances the luciferase activity driven by ST14. Cells (4175) were
cotransfected with reporters and 50 nM anti-miR-27b inhibitor (Ambion). Luciferase activities were measured after 48 h. Data are expressed relative to
the activity in cells transfected with an anti-miR negative control (NC) (anti-negative control). ST14WT, only ST14 vector was transfected. The data are means 	
S.D. of separate transfections (n � 3). **, p � 0.01. D, the precursor of miR-27b decreases luciferase activity. ZR75 cells were cotransfected with the reporters and
100 nM pre-miR-27b precursor. Luciferase activities were measured after 48 h. Data are expressed relative to the activity in cells transfected with a pre-miR
negative control (NC) (pre-negative control). The data are mean 	 S.D. of separate transfections (n � 3). **, p � 0.01.
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tide, RNA from the cells was used for QPCR of miRNA-27b, and protein was used for Western blotting (WB) using
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stripped and reprobed with anti-vinculin antibody (bottom). B, antisense miR-27b increases ST14 at the RNA
level. RNA isolated from 4175 cells transfected with antisense or its negative control was used to perform QPCR
using ST14-specific primers. QPCR data were normalized with GAPDH data. C, precursor of miR-27b reduces
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antibody (bottom). D, precursor of miR-27b reduces ST14 expression. RNA isolated from ZR75 cells transfected
with antisense or its negative control was used to perform QPCR using ST14 specific primers. QPCR data were
normalized with GAPDH data. All experiments were repeated three times, and blots are representative of at
least three separate experiments.
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not significant (p� 0.06); however, a comparison between nor-
mals and IDC patients alone gave us a statistically significant
difference (p � 0.01). It is possible that miR-27b functions are
specific to IDC patients, or we may need to examine a larger
sample size of other types of breast cancers to obtain statisti-
cally significant information. Nevertheless, these data suggest
that miR-27b may be an important regulator of breast
carcinogenesis.
We also examined the expression levels of ST14 in vivo in

human normal and breast cancer tissues. First, we compared
the expression levels in 26 cancerous patients and 29 nor-
mals. As shown in the Fig. 5A, ST14 expression levels were
higher in normal tissues compared with cancerous tissues
(p � 0.01). Furthermore, our data indicate that normals have
higher ST14 expression levels compared with subtypes of
breast cancers, especially IDC samples (p � 0.01) (Fig. 5B).
These results indicate that ST14 levels are significantly
higher in normals compared with different types of breast
cancers.

Effect of miR-27b and Antagomir to miR-27b on Cell Migra-
tion and Invasion—miR-27b expression is elevated in invasive
breast cancer tissues, and it is involved in regulation of ST14
gene expression. This prompted us to examine the role of miR-
27b in cell migration and cell invasion of breast cancer cells.
ST14 is a tumor suppressor, and miR-27b reduces the expres-
sion of ST14 in highly invasive cells. We therefore transfected
ZR75 cells (moderately invasive cells that do not express miR-
27b) with pre-miR-27b and examined the effect on cell migra-
tion and cell invasion using a modified Boyden chamber assay
(39). ZR75 cells expressing miR-27b exhibited a good enhance-
ment in theirmotility (Fig. 6A, left). Invasion is a directmeasure
of metastatic potential and requires cell migration and proteo-

FIGURE 4. Identification of miR-27b in human cancerous breast tissues
and noncancerous tissues by QPCR. QPCR was performed on total RNA as
described in the methods section. A, miR-27b has higher expression in can-
cerous tissues (n � 26) than in noncancerous tissues (n � 29). B, miR-27b
expression was analyzed in tumor tissues based on histologic type. Com-
pared with noncancerous tissues, samples that were diagnosed as IDC had
the highest expression of miR-27b (**, p � 0.01) by the t test.

FIGURE 5. Expression levels of ST14 gene in human cancerous and non-
cancerous breast tissues by QPCR. The expression levels of ST14 in human
cancerous and noncancerous breast tissues were also investigated by the
QPCR method, and the GAPDH was used to normalize the data. A, the relative
expression level for each individual cancerous and noncancerous sample is
shown. The expression data of all 26 cancerous and 29 noncancerous tissues
show that ST14 expression levels are higher in noncancerous tissues than in
cancerous tissues based on the mean value, and the data are statistically
significant (p � 0.01). B, ST14 expression was also compared in different
tumor tissues based on histologic type. Based on the mean value, tissues that
were diagnosed as IDC and invasive lobular carcinoma (ILC) � lobular carci-
noma in situ (LCIS), have lower expression of ST14 compared with noncancer-
ous tissues (p � 0.01).
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lytic properties that allow cells to pass through a solid extracel-
lular matrix, such as Matrigel. Consistent with cell migration
data,miR-27b precursor stimulated cell invasion (Fig. 6A, right)
when transfected into benign immortalized breast epithelial
cells ZR75 (Fig. 6A), and all of these data suggest that miR-27b
has the potential to induce tumorigenesis.

Since expression of miR-27b promotes cell migration and
cell invasion, inhibition of miR-27b should inhibit these neo-
plastic phenotypes. Thus, we inhibited endogenous miR-27b
expression in 4175with an antisense oligonucleotide and exam-
ined cell migration and cell invasion. The antisense miRNA
significantly reduced both cell migration (left) and cell invasion
(right) (p � 0.05), but its scrambled control has no effect (Fig.
6B, left and right). These data further indicate thatmiR-27bmay
function as an oncogene.
Overexpression of ST14 Reduces Cell Migration and Invasion—

Based on the above data, we hypothesized that ST14 might
affect cell motility, and thus we examined whether ST14 influ-
ences cell migration and cell invasion. ST14 was transiently
transfected into MDA-MB-231 cells, and cell migration and
invasion assays were performed using Boyden chamber assays
as described. As shown, ST14 has a dramatic inhibitory effect
on cell migration (Fig. 7A) as well as cell invasion (Fig. 7B) on
highly invasive MDA-MB-231 cells, further suggesting that
ST14 may have an effect on tumorigenesis/metastasis.
Effect of ST14 and miR-27b on Cell Growth—Loss of ST14

expression during cancer progression suggests that ST14might
normally function to prevent cancer progression. Cell prolifer-
ation is an important determinant of tumor growth andmetas-
tasis. To examine whether ST14 could regulate cell proliferation,
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sion of miR-27b increased cell migration significantly (p � 0.05). Similar to the
cell migration experiments, ZR75 cells were transfected with precursor of
miR-27b, and cell invasion was performed (right). The number of cells that
penetrated the Matrigel was counted in five random fields under a light
microscope (�200). Expression of miR-27b increased cell invasion signifi-
cantly (p � 0.01). B, antagomir of miR-27b inhibits cell migration and cell
invasion. 4175 cells were transfected with antisense miR-27b along with
�-galactosidase plasmid (used as a marker), and a transwell migration assay
was performed. The number of cells that had migrated to the lower surface of
the filter membrane was counted in five random fields under a light micro-
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we assessed the effects of ST14 on growth of MDA-MB-231
cells. Although the cells expressing vector control grew
robustly upon serum induction, ST14-transfected cell growth
was significantly inhibited (Fig. 8A), indicating an effect of ST14
on cell growth. Also, we examined the potential role ofmiR-27b
on cell proliferation. As shown in Fig. 8B, pre-miR-27b-ex-
pressing cells stimulated cell growth in weakly invasive ZR75
cells. Because expression of miR-27b enhances cell prolifera-
tion, inhibition of miR-27b should decrease this cancer pheno-
type. An antagomir targeting miR-27b reduced cell growth of
4175 cells (Fig. 8C), providing further evidence that miR-27b
may function as an oncogene.
ST14 Induces G1/S Arrest and Down-regulates Cyclin E—

Since cell growth is tightly regulated by a series of positive and
negative regulators of the cell cycle (40), we analyzed the effects
of ST14 and miR-27b on cell cycle progression and its associ-
ated proteins. To determine the effects on cell cycle progres-
sion, flow cytometry was performed using propidium iodide.
ST14-transfected cells showedG1/S arrest (82% comparedwith
61% in control), which resulted in a decrease in S phase popu-
lation. Similarly, reduction ofmiR-27b (by using antisensemiR-
27b) showed accumulation of cells in G1 phase (Fig. 9).

The cell cycle progression is tightly regulated by a complex
network of positive and negative cell cycle-regulatory mole-
cules, such as cyclin-dependent kinases (CDK), cyclins, and
CDK inhibitors. CDK4-CDK6 (cyclin D1) and CDK2 (cyclin E)

complexes phosphorylate retinoblastoma protein (pRb) in the
mid to late phase of the G1 phase. Therefore, the expression
levels of CDK4, CDK6, CDK2, and cyclins were examined. As
shown in Fig. 10, ST14-expressing 4175 cells as well as anti-
miR-27b-transfected 4175 cells decreased the expression of
cyclin E but not cyclin D. Consistent with these data, CDK2 (a
binding partner of cyclin E) levels also decreased in the cells. As
expected, there was no change in the level of CDK4-CDK6.
Furthermore, the expression levels of cyclin-dependent kinase
inhibitors in the G1/S phase were also examined. As shown in
Fig. 10, the expression levels of p27Kip1 significantly increased.
These data suggest that ST14 affects cell growth through its
effects on cell cycle-regulatory proteins.
To further determine whether miR-27b alleviates the effect

caused by ST14 on cell growth, we co-transfected miR-27b
along with ST14 into 4175 cells and assayed for cell prolifera-
tion and cell cycle progression. As depicted in supplemental
Figs. 2 and 3, miR-27b was unable to reverse the inhibitory
effect of ST14 on cell growth. These data suggest that some of
the effects on cell proliferation are independent of regulation of
ST14 by miR-27b.

DISCUSSION

Several miRNAs function as tumor suppressors or onco-
genes and regulate target gene expression at a posttranscrip-
tional level (7). miRNAs perform important roles in human
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FIGURE 9. The effect of ST14 on cell cycle progression. 4175 cells were transfected with ST14 or anti-miR-27b, serum-starved for 24 h, and stimulated with
serum. After 24 h, DNA content of incorporated propidium iodide was scanned on a flow cytometer. Each scan is derived from a representative experiment,
where data from at least 10,000 events were obtained. The cell populations in G1, S, and G2 were determined using the ModFitLT software. A, 4175 cells
transfected with ST14; B, vector control-transfected cells; C, anti-miR-27b transfected cells; D, control oligomer-transfected cells.
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breast cancer cell growth (13, 21) and breast cancer metastasis
(19). However, a comparison of a highly metastatic (lung-spe-
cific) human breast cancer cell line, 4175, and the human breast
epithelial cell line,MCF10A, at thematuremiRNA level has not
been reported. In this study, we profiled the expression patterns
of 471 mature miRNAs in these two cell lines and found differ-
ential expression of 22 miRNAs (p � 0.05). The expression
patterns of miR-27b, miR-99a (data not shown), and miR-205a
(data not shown)were validated by real time PCR andNorthern
blotting, showing that our microarray is reliable.
We found that miR-21 andmiR-205 were expressed at lower

levels in 4175 cells than inMCF10Acells.miR-205 is also down-
regulated in prostate hormone-refractory cancerous tissues
compared with benign prostatic hyperplasia (12). In contrast,
both miR-21 and miR-205 act as oncogenes and are up-regu-
lated in cancerous tissues in lungs (9), in breast (13), in tonsils
(15), in ovaries (10), and in head and neck cancer cell lines (15).
Recently, a study by Gregory et al. indicated that miR-200 reg-
ulates the epithelial to mesenchymal transition by targeting
Zeb1 and Sip1 proteins, thereby modulating tumor metastases
(24). miR-200 and miR-205 also may help establish epithelial
cell lineages during embryonic development. Thus, the differ-
ential expression ofmiRNAs is not surprising, becausemiRNAs
can be expressed in tissue-specific, cell line-specific, or cancer
type-specific manners (8).
miRNAs are involved inmany signaling pathways by regulat-

ing target genes. Although a bioinformatics analysis comparing
3�-UTRs and miRNAs can reveal multiple target genes, these
targets must be confirmed experimentally. We used three
online tools, TargetScan, PicTar, and Miranda, to predict the
targets for miR-27b and identified ST14 and others. Through
the luciferase assay, we demonstrated that at least one effective
binding site is present in the ST14 3�-UTR; consistently, we
observed that miR-27b is inversely correlated with ST14 in sev-

eral breast cancer cell lines and tissues.We provided functional
evidence of the possible role of ST14 in breast cancer by show-
ing that forced expression of ST14 is able to reduce cell growth
potential.
ST14, also named TADG-15 and MT-SP1, is a transmem-

brane serine protease involved in ECMdegradation andmay be
involved in cancermigration, invasion, ormetastasis (28). ST14
is overexpressed in ovarian tumors, but patients with ST14-
positive tumors had substantially longer survival, suggesting
that ST14 might be a prognostic marker for ovarian carcinoma
(38). Our results show that the 3�-UTR of ST14 carries a puta-
tive binding site for miR-27b, and these two molecules show
inverted expression patterns, indicating that ST14 is a target of
miR-27b in breast cancer cells. We further evaluated miR-27b
expression in matched sets of normal tissues and primary
breast tumors, and again miR-27b expression was high in
tumors. miR-27b expression levels are significantly higher in
IDC tumors compared with normal samples (p � 0.01). Our
ST14 expression data in breast cancer patients and normals
indicate that ST14 expression is elevated in normals compared
with cancer tissues. Also, our data show that expression levels
of miR-27b and ST14 have an inverse relationship in all tissues.
Furthermore, our data revealed that miR-27b promotes cell
proliferation, cell migration, and cell invasion, characteristics
of oncogenes. This is the first study to describe the potential
oncogenic role of miR-27b in breast tumorigenesis and to show
loss of expression of ST14 in breast cancer.
Our results indicate that miR-27b may function as an onco-

gene, whereas another study suggested it might function as a
tumor suppressor despite its expression inMCF7 cells (41).Our
study shows that miR-27b is overexpressed in highly invasive
breast cancer cells, with expression increasing in normal
(MCF10A) to moderately invasive (MCF7) to highly metastatic
(MDA-MB-231) to highly metastatic exclusively to the lung
(4175). miR-27a, a close homolog of miR-27b, also functions as
an oncogene (42). Suppression of miR-27a in MDA-MB-231
cells decreased the expression of angiogenic genes and the per-
centage of MDA-MB-231 cells in S phase of the cell cycle (42).
Decreased ST14 expression could result from the increased
expression of miR-27b. In contrast to our findings, as discussed
above, a Japanese study reported that miR-27b functions as a
tumor suppressor of breast cancer in Japanese patients (41).
These differences may occur because patients originated from
two different continents (Asia and North America) or differed
in their tumor status, estrogen receptor/prostaglandin receptor
status, or histologic tumor grade. The patients in our study
were estrogen receptor�/� or prostaglandin receptor�/�, and
there was no association between levels of these receptors and
miR-27b levels. In summary, miR-27b decreases ST14 expres-
sion in cancer cells. This is the first study to demonstrate that
ST14 is negatively regulated by miR-27b post-transcriptionally
via a target site in the 3�-UTR. This is also the first study to
demonstrate that miR-27b stimulates invasion in breast cancer
cells.
ST14/TADG15 expression is high in stage I ovarian tumors

and lower in stage II/III/IV tumors (38). ST14 was identified
through a subtractive hybridization analysis by Zhang et al.
(43). Also,MT-SP1was identified in the human prostate cancer

FIGURE 10. Action of ST14 on cell cycle-related proteins in breast cancer
cells. 4175 cells were transfected with ST14 or anti-mir-27b or their controls,
and cell lysates from these cells were electrophoretically separated on SDS-
polyacrylamide gels and immunoblotted with an antibody against each pro-
tein and vinculin, which serves a loading control.
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cell line, PC3, by Takeuchi et al. (44). ST14/TADG15 substrates
include hepatocyte growth factor, scattering factor, PAR2 (pro-
tease-activated receptor), and urokinase plasminogen activa-
tor, which affect cell proliferation, cell motility, and cell inva-
sion (44–46). ST14may serve as amarker for early detection of
ovarian cancer.Our data indicate that ST14 reduces cell growth
as well as cell invasion and cell migration, suggesting that ST14
may function as a tumor suppressor. However, TADG15 is
overexpressed in 100% of primary squamous cervical tumors
and 40% of cervical adenocarcinoma cell lines but not normal
cervical keratinocyte control cell lines (47). Overexpression of
ST14 enhances cell adhesion in colorectal cancer cells (48).
Thus, ST14 has different functions in different cancer cell
types, and it will be very interesting to study the in vitro and in
vivo functions of ST14 in different cancers.
In the cell cycle of mammalian cells, cell division and growth

are tightly controlled by a series of positive and negative regu-
lators that act at several points throughout the cell cycle. Our
data indicate that the inhibitory effect of ST14 is exerted at
some point in theG1 phase. The inhibition of DNA synthesis by
ST14 is associated with a reduction in the proportion of cells in
the S phase and more number of cells in the G1 phase. Hence,
we specifically focused on proteins that regulate the cell cycle.
CDKs play an important role and promote G1/S transition by
phosphorylation of the pRb protein. CDK inhibitors, such as
p27Kip1 and p21Cip1 inhibit their kinase activity. ST14 down-
regulates CDK2 and cyclin E expression, but not CDK4 and
cyclin D1 expression. In the current study, the expression levels
of p27Kip1 distinctly increased after treatment with ST14.
Accordingly, current results suggest that the increase in the
protein levels of p27Kip1 was accompanied by a decrease in the
expression level of CDKs in the G1 phase, eventually leading to
a cell cycle arrest of the G1 phase in the 4175 cells expressing
ST14. However, the detailed mechanism still needs to be stud-
ied further. Furthermore, to our surprise, miR-27b failed to
rescue the inhibitory effect of ST14 on cell proliferation, sug-
gesting that the effects may be independent of connection
between ST14 andmiR-27b. Thus, it will be of great interest for
us to understand the mechanisms of miR-27b-dependent and
independent functions of ST14 in breast cancer in the near
future.
Our findings are of high importance to the understanding of

breast tumorigenesis, since they directly link ST14 to the regu-
lation of cyclin-CDK2 complexes. Cyclin E plays an important
role in regulation of G1/S phase transition and in tumorigene-
sis. Our studies provide evidence for an additional level of con-
trol in regulation of the G1/S phase transition. Cyclin D, similar
to cyclin E, can enhanceG1 transition; however, cyclinD1 is not
regulated by ST14. The cyclin D1 and E phosphorylate and
inactivate pRb protein, a well known tumor suppressor. pRb
phosphorylation plays a pivotal role in controlling cellular pro-
liferation by regulating the G1/S transition of the cell cycle.
During continuous proliferation of cells, pRb is phosphorylated
by the activity of G1 phase CDKs, such as CDK4/6 and CDK2,
thereby liberating the factors that control the S phase entrance
(40, 49, 50). Thus, ST14 may affect factors that regulate the S
phase entry, which will be the subject of our future investiga-
tion. The current studies are the first to demonstrate that cyclin

E-CDK2 complexes are controlled by ST14. In summary, our
study suggests that ST14 may function as a tumor suppressor
and miR-27b induces invasion and cell growth of breast cancer
cells.
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