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MicroRNAs (miRNAs) are small, noncoding RNA molecules that
control expression of target genes. The abnormally expressed
miRNAs function as oncogenes or tumor suppressors in human
cancer. To evaluate the abundant gene regulation of miR-221 in
papillary thyroid carcinoma (PTC), we performed microarray
analysis and developed a Gaussia luciferase (Gluc) reporter sys-
tem regulated by miR-221. Methods: Total RNAs were isolated
from pre-miR-221–treated normal human thyroid cells (HT-ori3)
and anti-miR-221–treated papillary thyroid cells (NPA). Microar-
ray analysis was performed with 44,000 probes. The messenger
RNA levels of target genes regulated by miR-221 were evaluated
using reverse-transcription polymerase chain reaction. Three
types of cytomegalovirus (CMV)/Gluc_39 untranslated region
(UTR) of homeobox B5 (HOXB5), which included a seed se-
quence of mature miR-221 in the 39 UTR of HOXB5 after the
Gluc stop codon, were transfected into NPA cells, and pre-
miR-221 was cotransfected with CMV/Gluc_39 UTR of HOXB5.
The Gluc activities in cells were measured by luciferase assay.
Mice implanted with PTC-expressing Gluc regulated by miR-
221 were monitored with bioluminescence imaging for 6 d. Re-
sults: Microarray analysis showed thousands of genes were
directly and indirectly regulated by miR-221 and shifted the
gene expression pattern of normal thyroid cells toward PTC. Of
several genes downregulated more than 2-fold by miR-221, mes-
senger RNA levels of HOXB5 were significantly downregulated
by miR-221. Also, in vitro or in vivo Gluc activities using CMV/
Gluc_39 UTR of HOXB5 systems were downregulated dose de-
pendently by endogenous or exogenous miR-221. Conclusion:
MiR-221 overexpressed in PTC drives carcinoma gene expres-
sion patterns by directly and indirectly regulating numerous
genes, including HOXB5. The bioluminescence imaging system
using CMV/Gluc_39 UTR of HOXB5 is a useful tool for noninvasive
in vivo long-term monitoring of functional targeting of miR-221.
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MicroRNAs (miRNAs) are small, noncoding RNAs
that act as negative regulators of protein-coding gene
expression (1,2). Mature miRNAs perfectly, or near per-
fectly, bind to complementary sequences in the 39 untranslated
regions (UTRs) of target messenger RNAs (mRNAs) and
cause either translational repression or mRNA degradation,
depending on their degrees of complementarity or homology
with target genes (3–6). Generally, miRNAs in animals are
believed to cause translational repression due to partial
pairing between miRNA and target mRNA. However, many
reports have shown that transfected miRNAs can reduce the
mRNA levels of their targets despite partial pairing (7–9).
Microarray analysis to investigate changes in gene expres-
sion by transfection of miRNAs is a useful tool for studying
the functional targeting of miRNAs (7).

Several reports have indicated that miRNAs play critical
roles in essential biologic processes, including cellular dif-
ferentiation, proliferation, apoptosis, and development (10–
12). Also, deficiencies or excesses of miRNA functions in
tissues have been correlated with several clinically important
diseases, for example, cardiovascular, neurologic, and viral
diseases; cancer; and metabolic disorders (11,13). In partic-
ular, miRNAs function as tumor suppressors or oncogenes
because of aberrant expression, deletion, amplification, or
mutation in human carcinogenesis (14–18). For instance,
miRNA let-7 levels are depressed in lung cancer, as are those
of miR-15a and miR-16-1 in B-cell chronic lymphocytic
leukemia and miR-143 and miR-145 in colorectal cancer;
miR-17-92 levels are elevated in lung cancer (19), and miR-
18 and miR-224 are elevated in hepatocellular carcinoma.
Moreover, miR-146b, miR-221, and miR-222 are upregu-
lated in papillary thyroid carcinoma (PTC), which is the
most common malignant thyroid tumor. In fact, it represents
approximately 80% of all thyroid malignancies (20–25).

Even though the expression patterns of all known
miRNAs have been compared in cancer and normal cells,
the identification of miRNA target genes is a considerable
challenge. Each miRNA can target hundreds of transcripts
directly or indirectly, whereas more than 1 miRNA can
converge on a single mRNA target. To date, several genes
targeted by miRNAs have been identified. Examples
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include the targeting of Bcl2 by miR-15a and miR-16-1, of
RAS and MYC by let-7, of PTEN and RB2 by miR-17-92,
of tropomyosin 1 by miR-21, and of KIT and p27kip1 by
miR-221 and miR-222 (23,26,27). The variation in the
expression level of each gene is caused by miRNAs, and
this is highly prevalent in cancer because genomic aberra-
tion is closely associated with carcinogenesis. Therefore,
searches for target genes of miRNAs influencing disease
generation and investigations related to therapeutic uses of
anti-miRNA are being actively pursued.

As the method to detect the molecular changes caused
by miRNAs in vitro and in vivo, optical imaging using a
bioluminescence reporter gene offers a noninvasive and re-
peated means of performing real-time analysis at the mo-
lecular level in living animals. Bioluminescence imaging
involves the detection of light emitted by an enzymatic re-
action and has low background luminescence levels. Of the
bioluminescence reporter proteins firefly luciferase, Renilla
luciferase, and Gaussia luciferase (Gluc), Gluc has the
advantage that the emitted light is up to 1,000-fold more
intense than that from native Renilla luciferase or firefly
luciferase. Moreover, Gluc is the smallest luciferase known
and is stable at elevated temperatures (28–30).

In this study, we transfected pre-miR-221 or anti-miR-221
into normal thyroid cells or PTC and performed microarray
analysis to examine changes in the mRNA levels. Furthermore,
we developed the Gluc imaging system for monitoring the gene
targeted by miR-221 in vitro or in vivo and studied the effect of
miR-221 on homeobox B5 (HOXB5), which is known to be
directly regulated by miR-221, using a Gluc reporter system.

MATERIALS AND METHODS

Cell Lines and Culture Conditions
The human PTC cell line (NPA) was kindly provided by Dr. Do

Joon Park (Department of Internal Medicine, Seoul National
University Collage of Medicine), and the normal human thyroid
cell line (HT-ori3) was kindly provided by Dr. Byung Il Kim

(Radiation Health Research Institute). HT-ori3 and NPA cells
were maintained in RPMI 1640 supplemented with 100 units of
penicillin per milliliter, 100 mg of streptomycin per milliliter, and
10% fetal bovine serum. All cells were incubated at 37�C in a 5%
CO2 humidified chamber.

Constructs and Transfection
Three types of the cytomegalovirus (CMV)/Gluc_39 untrans-

lated region (UTR) of HOXB5, which included a seed sequence of
mature miR-221 in the 39 UTR of HOXB5 after the Gluc stop
codon, were constructed by annealing and subcloning the follow-
ing oligonucleotides: CMV/Gluc_SR, containing 100-base pair
(bp) oligonucleotides near the seed region (SR) that binds miR-
221 in the 39 UTR of HOXB5; CMV/Gluc_3xSR, containing 3
repeats of the 34-bp SR that binds miR-221 in the 39 UTR of
HOXB5; and CMV/Gluc_MT, containing completely changed
sequences of the SR in the 39 UTR of HOXB5. The sequences
of these oligonucleotides are shown in Table 1. Annealing was
performed with a mixture of 200 pmol of oligonucleotides and 48
mL of annealing buffer containing 1· Tris–ethylenediaminetetra-
acetic acid buffer and 50 mM sodium chloride, using the following
conditions: 95�C for 4 min and 70�C for 10 s, followed by slow
cooling in a 70�C water bath for 90 min. The annealed oligonu-
cleotide was subcloned into the XhoI and XbaI sites of CMV/Gluc
vector (TargetingSystems).

The constructed plasmids were transfected into NPA cells.
Briefly, cells were plated into 24-well plates the day before trans-
fection at a seeding density of 1 · 105 cells per well. Transfection
was performed using Lipofectamine Plus reagent (Invitrogen), 0.3
mg of DNA, 4 mL of PLUS Reagent (Invitrogen), and 1 mL of
Lipofectamine (Invitrogen) per well. Forty or 80 nM pre-miR-221
(Ambion) was cotransfected with 0.3 mg of CMV/Gluc_39 UTR of
HOXB5; CMV/Gluc was used as an internal control to normalize
the luciferase activities obtained from each experiment. All trans-
fections were performed in quadruplicate.

Gluc Assay
Thirty hours after transfection, cells were washed with phos-

phate-buffered saline and treated with 100 mL of lysis solution.
Supernatants were plated in microplates and Gluc activities were
measured using a Wallac1420 VICTOR3V (PerkinElmer Life and

TABLE 1
Oligonucleotides Cloned in 39 UTR of Gluc

ID Oligonucleotide sequence

SR of HOXB5

forward

59-tcgagtgtctttgcggggcctgtCTCAGTGATTCGCTTTTGGTATTTGTTTGTAGCTttcctgg-

aagtcaaataa atgt-39

SR of HOXB5
reverse

59-ctagacatttatttgacttccaggaaAGCTACAAACAAATACCAAAAGCGAATCACTGAGac-
aggccccgcaa agacac-39

3xSR of HOXB5

forward

59-tcgagCTCAGTGATTCGCTTTTGGTATTTGTTTGTAGCTcatCTCAGTGATTCGCTTT-

TGGT ATTTGTTTGTAGCTcatCTCAGTGATTCGCTTTTGGTATTTGTTTGTAGCTt-39

3xSR of HOXB5
reverse

59-ctagaAGCTACAAACAAATACCAAAAGCGAATCACTGAGatgAGCTACAAACAAAT-
ACCA AAAGCGAATCACTGAGatgAGCTACAAACAAATACCAAAAGCGAATCACTGA-
Gc-39

MT of HOXB5
forward

59-tcgagAGTCAGGATTCGCTTTTGGTATTTGTTCAGTACTcatAGTCAGGATTCGCTT-
TTGGT ATTTGTTCAGTACTcatAGTCAGGATTCGCTTTTGGTATTTGTTCAGTACTt-39

MT of HOXB5

reverse

59-ctagaAGTACTGAACAAATACCAAAAGCGAATCCTGACTatgAGTACTGAACAAATAC-
CA AAAGCGAATCCTGACTatgAGTACTGAACAAATACCAAAAGCGAATCCTGACTc-39

Underlined sequences indicate enzyme sites XhoI or XbaI. Bold sequences indicate binding sites of mature miR-221.
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Analytic Sciences) using a luciferase assay kit (TargetingSys-
tems). All data points are displayed as means 6 SDs (n 5 4).

Total RNA Preparation and mRNA Microarray Analysis
HT-ori3 or NPA cells were plated into 10-cm dishes the day

before transfection at a seeding density of 2 · 106 cells per dish.
Pre-miR-221 (40 nM; Ambion) was then transfected into HT-ori3
cells, and anti-miR-221 (80 nM; Ambion) was transfected into
NPA cells using Lipofectamine Plus (Invitrogen). At 0, 6, 24, and
48 h after transfection, cells were harvested. Total RNAs were
isolated from HT-ori3 transfected with pre-miR-221 or NPA
transfected with anti-miR-221 using Trizol reagent (Invitrogen),
according to the manufacturer’s instructions.

For control and test RNAs, the synthesis of target cRNA probes
and hybridizations were performed using a Low RNA Input Linear
Amplification Kit (Agilent Technologies). cRNA labeled with Cy3
was transcribed from dsDNA synthesized by reverse-transcription
polymerase chain reaction (RT-PCR). Labeled cRNA was resuspen-
ded in 2· hybridization buffer and directly pipetted onto an assem-
bled human 4 · 44K oligo microarray (Agilent Technologies).

Hybridization images were analyzed using GenePix Pro 6.0
(Axon Instruments). All data normalization and the selection of
fold-changed genes were performed using GeneSpringGX 7.3
(Agilent Technologies). Intensity-dependent normalization (LOW-
ESS) was performed, for which the ratio was reduced to the
residual of the LOWESS fit of the intensity versus the ratio curve.
Averages of normalized ratios were calculated by dividing the
average of normalized signal channel intensities by the average of
normalized control channel intensities.

RT-PCR Analysis of Target Genes Downregulated by
miR-221

Total RNA was isolated from HT-ori3 cells or HT-ori3 cells
treated with pre-miR-221 using Trizol reagent (Invitrogen). Total
RNA was then reverse-transcribed in a final volume of 20 mL
containing 1 mL of oligo (deoxythymidine), 4 mL of 5_first-strand
buffer, 2 mL of 0.1 mol/L dithiothreitol, 1 mL of 10 mmol/L
deoxynucleotide triphosphate mix, and 50 units of Moloney
murine leukemia virus reverse transcriptase (Invitrogen). The
primers used for the different genes are shown in Table 2. RT-
PCR of several genes targeted by miR-221 was then performed in
a total volume of 20 mL containing 100 ng of cDNA, 20 pmol of
forward primer, 20 pmol of reverse primer, 5 mL of 10· reaction
buffer, 4 mL of 10 mmol/L deoxynucleotide triphosphate mix, and
5 units of Taq-DNA polymerase using a GeneAmp PCR system
(Applied Biosystems). Samples were then subjected to 5 min of
denaturation at 94�C and 40 amplification cycles (60 s at 94�C, 30 s
at each different temperature [shown in Table 2] followed by 60 s at

72�C), and followed by extension for 7 min at 72�C. b-actin was
amplified over 25 cycles as a control using the same reaction
solution. Amplified products were analyzed by ethidium bromide–
stained agarose gel electrophoresis.

In Vivo Visualization of Gluc Expression in Cells
All experimental animals were housed under specific pathogen-

free conditions and handled in accordance with the guidelines
issued by the Institutional Animal Care and Use Committee of
Seoul National University Hospital.

NPA cells were plated into 10-cm dishes the day before
transfection at a seeding density of 2 · 106 cells per dish. To
investigate the Gluc activities of CMV/Gluc_3xSR controlled by
the binding of endogenous miR-221 to 39 UTR of HOXB5, 2 ·
106 of NPA cells were suspended in 100 mL of phosphate-buffered
saline and implanted subcutaneously into 4 nude mice per group
as follows: cells transfected with CMV/Gluc_MT into left thighs
and cells transfected with CMV/Gluc_3xSR into right thighs.
CMV/Gluc_MT as control was compared with CMV/Gluc. All
mice were monitored for 6 d after implantation.

The IVIS100 imaging system (Xenogen), which includes an
optical charge-coupled-device camera mounted on a light-tight
specimen chamber, was used for the data acquisition and analysis.
Briefly, coelenterazine (Biotium, Inc.) was diluted to 5 mg/50 mL
in phosphate-buffered saline before use. Diluted coelenterazine
(50 mL) was subcutaneously injected into the sites of previous
NPA cell injections. A mouse was placed in a specimen chamber
with a mounted charge-coupled-device camera, and light emitted
by luciferase in mice was then measured. Gray-scale photographic
images and bioluminescent color images were superimposed using
LIVINGIMAGE software (version 2.12; Xenogen) and IGOR
image analysis software (WaveMetrics). Bioluminescence signals
were expressed in units of photons per cubic centimeter per
second per steradian.

RESULTS

Shift of Gene Expression Toward Pattern Shown in
Cancer by miR-221 Overexpression

In vitro and in vivo luciferase assays demonstrated that
mature miR-221 in PTC might function as oncogenes by
downregulating various target genes by binding to SRs in
the 39 UTR of target genes and by causing posttranscrip-
tional regulation such as mRNA destabilization. We per-
formed microarray analysis to follow the mRNA levels of
the various genes up- or downregulated by miR-221.

TABLE 2
Primers Used for RT-PCR or Real-Time PCR

Genbank Gene symbol Forward primer Reverse primer Temperature

NM_001128 AP1G1 59 GCATTTAACACGGGGACCATCACAC 39 59 TGCCAGCAATCACAACCTCCTT 39 55�C
NM_001660 ARF4 59 CTAGGGCTTCAGTCTCTTCGTA 39 59 GTTTAATATTCTGCCCAAACCA 39 50�C
NM_194301 GARNL1 59 AAGCTGCGTCGTTCCTCTGG 39 59 AACTCCCCCTGCCCTCAAA 39 55�C
NM_002147 HOXB5 59 GGCGCATGAAGTGGAAGAAGGACA 39 59 GAGAGGGAGCCACAGGAAGACC 39 52�C
NM_022566 MESDC1 59 GTGGTGTCGGCCTGCGTGCTC 39 59 CTGGGGGTGGAAGAAGGGGTATGG 39 55�C
NM_006451 PAIP1 59 GAGCGTAAGCGAAAACAGTA 39 59 TGCAGCCAAAACAGTAGA 39 52�C
NM_153020 RBM24 59 GCCAGTACCAGCCTCAGC 39 59 TGTGCCCATTCCCCTCATTCTTAC 39 56�C
NM_004171 SLC1A2 59 CGCATGAAGTGGAAGAAGGAC 39 59 GAGAGGGAGCCACAGGAAGACC 39 55�C
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On the basis of normalization and selection of fold-
changed genes using GeneSpringGX7.3 (Agilent Technol-
ogies), 7,300 genes among 44,000 showed more than a
2-fold difference in mRNA level in at least 1 of 3 different
time-course experiments of HT-ori3 cells exposed to exog-
enous pre-miR-221. Similarly, 5,778 genes were found to
show more than a 2-fold difference in NPA exposed to anti-
miR-221. To understand the effectiveness of miR-221 on
carcinogenesis at the gene expression levels, we first
compared genes showing 2-fold differences in NPA versus
HT-ori3 cells and in pre-miR-221–treated HT-ori3 versus
HT-ori3 cells. About 5,000 and 3,000 genes showed more
than a 2-fold difference in gene expression in 2 of 3
different time-course experiments of NPA cells and pre-
miR-221–treated HT-ori3 cells, respectively, compared
with HT-ori3 cells. The ratios of overlapping genes
(1,357 genes) identified by the 2 comparisons were con-
verted to log10 values and statistically evaluated using
regression coefficients (R2) (Fig. 1A). Even though the
absolute ratios of many overlapping genes in these 2
comparisons showed relatively large differences, 92% of
1,357 genes showed a positive correlation pattern between
mRNA levels in HT-ori3-treated pre-miR-221 and mRNA
levels in NPA. Twenty-two percent of the 1,357 genes were
upregulated and 70% were downregulated by more than
2-fold, compared with mRNA levels in HT-ori3. The R2 value
of the 1,357 genes between the 2 comparisons was 0.552.

Second, we compared the genes upregulated by treat-
ment with pre-miR-221 in HT-ori3 (a normal thyroid [NT]
cell line) or downregulated by anti-miR-221 in NPA cells (a

PTC cell line) with genes related to thyroid neoplasms,
using information available at http://www.sabiosciences.
com. The analyzed genes were classified by 53 of upregu-
lated genes in HT-ori3 treated with pre-miR-221 and 65 of
downregulated genes in NPA treated with anti-miR-221,
respectively (data are available as Supplemental Tables
1 and 2; supplemental materials are available online only at
http://jnm.snmjournals.
org). In particular, the 9 genes cyclin D2 (CCND2); heat
shock 70-kDa protein 4 (HSPA4); Pinin, desmosome-
associated protein (PNN); kinesin family member 3B (KIF3B);
signal transducer and activator of transcription 2 (STAT2);
chromatin assembly factor 1, subunit A (p150) (CHAFIA);
x-ray repair complementing defective repair in Chinese
hamster cells 1 (XRCC1); TSPY-like 2 (TSPYL2); and
DEAD (Asp-Glu-Ala-Asp) box polypeptide 54 (DDX54)
were upregulated in HT-ori3 treated with pre-miR-221 and
downregulated in NPA treated with anti-miR-221.

Genes Regulated by miR-221

To search for genes directly targeted by miR-221, 3,800
genes downregulated by more than 2-fold in HT-ori3 cells
treated with pre-miR-221 and 1,900 genes downregulated
by 2-fold or more in NPA treated with anti-miR-221 were
analyzed using the 279 target genes of miR-221 predicted
by PicTar DB (available at http://pictar.bio.nyu.edu), which
is one of the algorithms commonly used to identify human
miRNA gene targets. A total of 19 genes downregulated in
pre-miR-221–treated HT-ori3 and 13 genes upregulated in
anti-miR-221–treated NPA were classified by comparing

FIGURE 1. Variation of gene expression by miR-221 in thyroid cells. (A) Correlation between gene patterns regulated by miR-221
overexpressed in NT cells and gene pattern in PTC cells. Fold expressional differences of 1,357 genes that exhibited more than
2-fold differences in NPA vs. HT-ori3 (x-axis) and in HT-ori3 treated with pre-miR-221 vs. HT-ori3 (y-axis) were drawn on scatter
plots. All values are expressed as log10 of fold expressional differences. R2 of 1,357 genes 5 0.552. (B) Comparisons of RNA levels
of miR-221 target gene candidates, AP1G1, ARF4, GARNL1, HOXB5, MESDC1, PAIP1, RBM24, and SLC1A2, in HT-ori3 and pre-
miR-221–treated HT-ori3 cells. mRNA levels of each gene were determined by propagating from cDNA synthesized with total RNA
obtained from HT-ori3 or 80 nM of pre-miR-221–treated HT-ori3 cells.
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them with PicTar DB–predicted target gene candidates
(Supplemental Tables 3 and 4). Of these 19 target gene
candidates, Adaptor-related protein complex 1, g-1 subunit
(AP1G1), ADP-ribosylation factor 4 (ARF4), GTPase ac-
tivating Rap/Ran GAP domainlike 1 (GARNL1), homeo-
box B5 (HOXB5), mesoderm development candidate
1 (MESDC1), poly(A) binding protein interacting protein
1 (PAIP1), RNA binding motif protein 24 (RBM24), and
solute carrier family 1 (glial high-affinity glutamate trans-
porter), member 2 (SLC1A2) genes were randomly selected
and compared with their mRNA levels in HT-ori3 and pre-
miR-221–treated HT-ori3 using RT-PCR. The mRNA levels
of the selected genes were found to be significantly down-
regulated in HT-ori3 cells treated with exogenous pre-miR-
221 as compared with untreated HT-ori3 cells (Fig. 1B).

HOXB5 Regulation of miR-221

The HOXB5 gene was dramatically downregulated by
exogenous pre-miR-221 in HT-ori3 cells and shows a
tendency to be repressed in several cancers (31–33). Thus,
it was chosen for further study as a potential miR-221 target
using our in vitro or in vivo bioluminescent reporter system.
The miR-221 SR in the 39 UTR of HOXB5 was searched
for in PicTar DB and cloned into CMV/Gluc reporter vector
(Fig. 2A). To acquire comparable imaging signals from the
miR-221-regulated HOXB5 gene in carcinoma, 2 different
types of nucleotides containing single or triple copies of the
miR-221 SR of HOXB5 were designed as follows: 100 bp
from the 39 UTR of HOXB5 near the SR (designated CMV/
Gluc_SR) and 3 copies of the 34-bp nucleotide-binding
mature miR-221 (designated CMV/Gluc_3xSR). Gluc ac-
tivities of NPA cells transfected with CMV/Gluc_SR or
CMV/Gluc_3xSR were slightly decreased by endogenous
miR-221. Also, in vitro luciferase assays in NPA cells
treated with exogenous pre-miR-221 showed that the Gluc
activities of CMV/Gluc_SR and CMV/Gluc_3xSR were
significantly and gradually decreased as pre-miR-221 doses
were increased versus reporter genes containing a mutant
sequence of the SR, CMV/Gluc_MT construct (Fig. 2B).
All Gluc activities from 3 different constructs treated with
0, 40, and 80 nM pre-miR-221 were normalized by Gluc
intensity of CMV/Gluc. Interestingly, Gluc activity of
CMV/Gluc_3xSR regulated by pre-miR-221 had a higher
repressive effect than did CMV/Gluc_SR. This finding was
due to the better bioluminescent signal contrast obtained
from the CMV/Gluc_3xSR construct when monitoring the
repression of miR-221-targeted HOXB5, as compared with
that obtained from the CMV/Gluc_SR construct, which
contained only a single copy of the miR-221 SR.

For the in vivo real-time monitoring of endogenous miR-
221 targets in PTC, NPA cells transfected with a set of
CMV/Gluc and CMV/Gluc_MT (Fig. 3A) or CMV/Gluc_
MT and CMV/Gluc_3xSR (Fig. 3B) were implanted into
nude mice. Gluc activities, which represented the endoge-
nous regulation of HOXB5 by mature miR-221, were
monitored for 6 d and subjected to region-of-interest

(ROI) analysis (Fig. 3B). For monitoring of the CMV/
Gluc_MT construct, CMV/Gluc as an internal control was
detected and compared. The Gluc expression of CMV/Gluc
and CMV/Gluc_MT was reduced at a similar rate over
time, because of transient transfection of the reporter
vectors into NPA cells (Fig. 3A). Compared with controls
(CMV/Gluc_MT), Gluc expression of CMV/Gluc_3xSR
significantly and gradually was reduced over the 6-d
observation period and was barely detectable on the final
day, whereas Gluc expression of CMV/Gluc_MT was
decreased over time, though at a slower rate than CMV/
Gluc_3xSR (Fig. 3B). Gluc repression of CMV/Gluc_3xSR
indicated that mature miR-221 is highly expressed and
suggests that HOXB5 is directly regulated by mature miR-
221 in PTC. Although the ROI of CMV/Gluc_3xSR for 2 d
after implantation was similar to that of CMV/Gluc_MT,
ROI analysis on days 3 and 6 showed that it had reduced
1.8- and 2.8-fold, respectively, versus that of CMV/Gluc_
MT (Fig. 3B).

DISCUSSION

MicroRNAs play critical roles in cellular differentiation,
proliferation, apoptosis, and development and correlated
with clinically important diseases, such as cancer; cardio-
vascular, neurologic, and viral diseases; and metabolic
disorders (11,13). The abnormalities of specific miRNA
expression contribute to the initiation and progression of
tumors (14–18). Of the many miRNAs known, miR-146b,
miR-221, and miR-222 have recently been reported to be
highly expressed in PTC (20–25). In our preliminary study
of miRNA expression in PTC cell lines (TPC-1 and NPA),
real-time PCR showed that the expression of miR-221 in
NPA and TPC-1 cells, respectively, was 17 and 7 times
more than that in HT-ori3 cells, whereas the expression of
miR-146b and miR-222 was slightly overexpressed in PTC
cells (data not shown). On the basis of these results, miR-
221 was selected for this study. MiR-221 is intergenic
miRNA located on chromosome Xp11.3, in which it clus-
ters with miR-222. Moreover, the sequence of mature miR-
221 is evolutionarily well conserved from worm to man
(22,23).

An miRNA targets several thousands of mRNAs that
related to oncogenic or antioncogenic genes. In the present
study, we found a significant correlation between miR-221
and the regulation of gene expression using RT-PCR and a
microarray approach and noninvasively monitored the func-
tional targeting of miR-221 in living animals using our
luciferase reporter system.

Generally, miRNAs are known to bind to the 39 UTR of
their targets and thereby to cause mRNA degradation or
translational inhibition. Unlike other single tissue–specific
or disease-specific eukaryotic genes, microarray analysis
and PicTar DB demonstrated that miRNAs directly target
hundreds or even thousands of coding mRNAs (7,34,35).
The overexpression of several tissue-specific miRNAs,
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including muscle-specific miR-1 and neuron-specific miR-
124, directly downregulates hundreds of direct targets that
contain the appropriate miRNA seed sequences. Similarly,
microarray analysis of miR-221–overexpressing HT-ori3
cells and miR-221–inhibited NPA cells demonstrated that
thousands of genes are directly or indirectly regulated by
miR-221. Interestingly, 9 cancer-related genes (i.e., CCND2,
HSPA4, PNN, KIF3B, STAT2, CHAFIA, XRCC1, TSPYL2,
and DDX54) were found to be bidirectionally regulated
by both pre-miR-221 and anti-miR-221. Furthermore, the
overlapping 1,357 genes described above, which showed a
2-fold difference in gene expression on comparing NPA
with HT-ori3 cells and pre-miR-221–overexpressing HT-
ori3 with HT-ori3 cells, showed a 92% positive correlation,
which suggests that the overexpression of miR-221 shifts
the gene expression of NT cells toward that of PTC cells.
The global gene expression pattern changes affected by
pre-miR-221 or anti-miR-221 indicate that miR-221 might
function as an oncogene in cancer by regulating the ex-
pressions of various genes.

To identify the genes directly regulated by miR-221,
microarray data were compared with PicTar DB–predicted
target gene candidates of miR-221. In total, 32 of 279 genes
predicted to be targeted by miR-221 appeared to be directly
regulated by miR-221. We were interested in genes that
were downregulated in cancer tissues. RT-PCR using target
gene candidates of miR-221, for example, AP1G1, ARF4,
GARNL1, HOXB5, MESDC1, PAIP1, RBM24, and SLC1A2,
showed that HOXB5 is directly regulated by miR-221.

The Gluc reporter system containing the putative miR-
221 SR in the 39 UTR of HOXB5 demonstrated that both in
vitro and in vivo Gluc activities in CMV/Gluc_3xSR were
significantly repressed by the direct binding of mature miR-
221 to the miR-221 SR of HOXB5, whereas CMV/Gluc
used as an internal control and CMV/Gluc_MT were not
significantly affected by miR-221, implying that the miR-
221 SR of HOXB5 is a specific target sequence of miR-221.
However, in in vivo luciferase analysis, Gluc expression
from the transient cotransfection of CMV/Gluc, CMV/
Gluc_MT, or CMV/Gluc_3xSR with pre-miR-221 almost
disappeared after 1 wk. For the long-term noninvasive
imaging of miRNA-related gene expression, cell lines
stably expressing these vectors could overcome this limi-
tation and enable dynamic changes in miRNA-directed
Gluc activity to be observed. HOX genes are transcription
factors and are crucial for numerous developmental pro-
grams in animals. Recently, numerous miRNAs located on
other chromosomes have been found to regulate several
HOX genes that play crucial roles during normal develop-
ment and carcinogenesis (31,36). In particular, the HOXB5
gene has been reported to be deregulated in a variety of
solid and hematopoietic cancers (31–33,37). These reports
indirectly support our result that HOXB5 is downregulated
at the mRNA level in pre-miR-221–treated HT-ori3 cells.

Our findings of molecular mechanism and functional
targeting of miR-221 help show how miRNA regulates
genes related to cellular development and contributes to
carcinogenesis. In addition, the possibility that pre-miRNAs

FIGURE 2. HOXB5 regulated by miR-
221. (A) Reporter constructs used to
investigate Gluc activity regulation by
binding of mature miR-221 to 39 UTR of
HOXB5 and HOXB5 39 UTR site targeted
by mature miR-221. Underlined se-
quences indicate seed sequences of
mature miR-221. miR-221 seed region
in 39 UTR of HOXB5 was searched for in
PicTar DB. (B) In vitro Gluc activities
regulated by partial binding of miR-221 to
39 UTR of HOXB5. CMV/Gluc_MT, CMV/
Gluc_SR, or CMV/Gluc_3xSR was co-
transfected with 3 different concentra-
tions—0, 40, or 80 nM pre-miR-221,
respectively—into NPA cells. Gluc as-
says were performed after transfecting
for 30 h. Gluc activities of all groups were
normalized with that of CMV/Gluc. Sum-
mary of 3 independent experiments is
shown. Data are displayed as means 6

SDs (fold intensity) (n 5 4).
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or anti-miRNAs that regulate target genes related to cancer
development could be used to treat thyroid carcinoma
warrants attention. However, for the therapeutic application
of miRNAs overexpressed in cancers, the stability and
intracellular delivery of pre-miRNAs or anti-miRNAs in the
living organism first needs to be solved. Our single-
reporter-gene system, developed to monitor endogenous
miRNA targets, or the ongoing development of a simulta-
neous dual-luciferase imaging system for miR-221 based
on firefly luciferase and for target genes based on Gluc, will
provide more noninvasive information about the biogenesis
and function of other miRNAs involved in carcinogenesis
development for effective cancer therapies and cancer
pharmacokinetics.

CONCLUSION

The present study demonstrated that miR-221, which is
overexpressed in PTC, functions as an oncogene through
the posttranscriptional regulation of many genes directly or
indirectly and through the ability of the luciferase system to
functionally target miR-221 in PTC. Further work should
be done to identify genes targeted by miR-221 in cancer
tissues other than PTC. The finding of other target genes

that are crucial to oncogenesis or antioncogenesis could
provide the possibility for cancer treatment using pre-
miRNAs or anti-miRNAs.
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