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Abstract
Purpose: To investigate the overexpression of miR-221 in papillary thyroid carcinoma (PTC), we
developed a Gaussia luciferase (Gluc) system regulated by miR-221.
Procedures: Quantities of primary or mature miR-221 in normal thyroid cells (HT-ori3) and in
PTC (NPA, TPC-1) were measured by quantitative real-time polymerase chain reaction.
Cytomegalovirus (CMV)/Gluc-3xPT_miR221, which included three perfect complementary target
sequences repeats of miR221 in the 3′-untranslated region of Gluc, was transfected into cells
with pre-miR-221 or anti-miR-221 and Gluc activities were then compared in vitro and in vivo.
Results: Primary or mature miR-221 were overexpressed in PTC as compared with HT-ori3. In
cells transfected with the Gaussia luciferase reporter system (CMV/Gluc-3xPT_miR221), Gluc
activities were regulated according to miR-221 levels in vitro and in vivo.
Conclusions: These results suggest that the devised CMV/Gluc-3xPT_miR221 system may be a
useful tool for monitoring quantities of endogenous miR-221 in cells or living organisms.
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Introduction

MicroRNAs (miRNAs) represent a class of endogenous,
small, noncoding but functional RNAs of 19–23 nt.

The miRNAs lin-4 and let-7 acted as regulators of
developmental timing in Caenorhabditis elegans and were
first discovered in 1993 and 2000, respectively [1–4]. Since
then, several hundred miRNAs have been discovered in
vertebrates and invertebrates. Primary miRNAs (pri-miRNAs)
are transcribed by RNA polymeraseII and processed in the
nucleus by the RNaseIII enzyme Drosha into hairpin-shaped
precursor miRNAs (pre-miRNA) of 70–100 nt. These pre-
miRNAs are then transported to the cytoplasm by exportin-5
and further processed into mature miRNAs of 19–23 nt by

cytoplasmic RNaseIII endonuclease Dicer complex and RNA-
induced silencing complex [3, 5, 6]. Mature miRNAs
perfectly, or near perfectly, bind to complementary sequences
in the 3′-untranslated regions (UTRs) of target mRNAs and
cause either translational repression or mRNA degradation,
depending on their degrees of complementarity or homology
with target genes [7, 8].

Several reports have demonstrated that miRNAs have
diverse functions, e.g., they participate in the regulation of
cellular differentiation, proliferation, apoptosis, and develop-
ment. Examples of such miRNAs include miR-1 and miR-133,
which regulate muscle differentiation; miR-181, which regu-
lates hematopoietic stem cell differentiation to B-lineage cells;
miR-375, which is involved in mammalian pancreatic islet-cell
development and in the regulation of insulin secretion; miR-
132, miR-124, and miR-9, which regulate the neuronal system;
and miR-14, a cell death suppressor [3, 9–11].
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Furthermore, deficiencies or excesses of miRNA func-
tions in tissues have been correlated with a number of
clinically important diseases. In particular, miRNAs function
as tumor suppressors or oncogenes by participating in the
aberrant expression, deletion, amplification, or mutation of
genes in human carcinogenesis [10, 12–15]. Of these many
miRNAs, miR-146b, miR-221, and miR-222 are upregulated
in papillary thyroid carcinoma (PTC), the most common
malignant thyroid cancer. In fact, PTC represents ∼80% of
all thyroid malignancies [2, 16–20].

Generally, methods like Northern blotting, reverse tran-
scriptase polymerase chain reaction (RT-PCR), and micro-
array analysis, which are commonly used to quantify
miRNAs in vitro and in vivo, are time consuming, laborious,
nonreproducible, and invasive. On the other hand, optical
imaging techniques using bioluminescent reporter genes
offers a noninvasive means of performing real-time analyses
at the molecular level in living animals [21–23].

Bioluminescence imaging involves the detection of light
emitted from cells or tissues by an enzymatic reaction between
luciferase and its substrate. Moreover, background lumines-
cence levels are minimal in most animals because no light is
emitted in the absence of an enzymatic reaction. Firefly
luciferase (Fluc), Renilla luciferase (Rluc), and Gaussia
luciferase (Gluc) have been commonly used as bioluminescence
reporter proteins in living small animals. Fluc reacts with beetle
D-luciferin (benzothiazole) and emits light about a 562 nm [24,
25], whereas Rluc and Gluc react with coelenterazin and emit
at about 480 nm. Of these, Gluc has the advantage that it emits
light at an intensity 1,000-fold greater than native Rluc or Fluc.
Furthermore, Gluc is the smallest luciferase known and is
stable at elevated temperatures [24, 26]. In this study, we
quantified endogenous primary and mature miR-221 levels in
papillary thyroid carcinoma using real-time PCR and devel-
oped a Gaussia luciferase reporter system for the in vitro
quantification and in vivo qualitative imaging of PTC
specifically expressed miR-221.

Materials and Methods
Cell Lines and Culture Conditions

The human papillary thyroid cancer cell lines, TPC-1 and NPA,
were kindly provided by Dr. Park (Department of Internal
Medicine, Seoul National University College of Medicine) and
the normal human thyroid cell line, HT-ori3, was kindly provided
by Dr. Kim (Radiation Health Research Institute). TPC-1 cells were
maintained in Dulbecco’s minimum essential medium supple-
mented with 100 U/ml of penicillin, 100 μg/ml of streptomycin,

and 10% fetal bovine serum (FBS). HT-ori3 and NPA cells were
maintained in RPMI 1640 supplemented with 100 U/ml of
penicillin, 100 μg/ml of streptomycin, and 10% FBS. All cells
were incubated at 37°C in a 5% CO2 humidified chamber.

Relative Quantifications of Primary miR-221
and Mature miR-221

Total RNA was isolated from HT-ori3, NPA, and TPC-1 cells using
Trizol reagent (Invitrogen, USA) according to the manufacturer’s
instructions. Total RNAwas then reverse transcribed in a final volume
of 20 μl containing 1 μl of oligo (dT), 4 μl of 5_first strand buffer, 2 μl
of 0.1 mol/l DTT, 1 μl of 10 mmol/l deoxynucleotide triphosphate
mix, and Moloney murine leukemia virus reverse transcriptase
(Invitrogen, USA). Real-time PCR analyses of pri-miR-146b, miR-
221, or miR-222 were then performed in a total volume of
25 μl containing 12.5 μl of SYBR Premix Ex TaqTM(2×; Takara,
Japan), 100 ng of cDNA, 10 pmol of forward primer, and 10 pmol of
reverse primer using an iCycer (Bio-Rad, USA) at 95°C for 3 min
and 40 cycles of 95°C for 15 s and 56°C for 30 s. β-actin was used
as an internal control. The primers used are shown in Table 1.

Small RNAwas isolated from cultured cells, i.e., HT-ori3, NPA, or
TPC-1, usingmirVanaTM miRNA isolation kits (Ambion, USA), and
then subjected to cDNA synthesis and qRT-PCR of mature miR-221
using the mirVanaTM qRT-PCR primer Set and the mirVanaTM qRT-
PCR miRNA kit (both from Ambion, USA). PCRs were performed
in triplicate using an iCycer (Bio-Rad, USA) and SYBR Premix Ex
TaqTM(2×; Takara, Japan) at 95°C for 3 min and 40 cycles of 95°C
for 15 s and 60°C for 30 s. The relative amounts of each mature
miRNA were normalized versus the U6 snRNA primer set (Ambion,
USA) using the equation 2−ΔΔCT, where ΔCT=(CTmiRNA−CTU6RNA),
ΔΔCT=(ΔCT−ΔCTmiRNA of HT-ori3).

Constructs and Transfection

We constructed cytomegalovirus (CMV)/Gluc-3xPT_miR221, which
included three perfect complementary target sequence repeats (3xPT)
of mature miR-221 after the Gluc stop codon, by annealing and
subcloning the oligonucleotides shown in Table 2. Annealing was
performed using a mixture of 200 pmol of oligonucleotides and
48 μl of annealing buffer containing 1× TE buffer and 50 mM NaCl,
using the following conditions: 95°C for 4 min, 70°C for 10 s,
followed by slow cooling in a 70°C water bath for 90 min. The
annealed oligonucleotide was subcloned into the XhoI and XbaI sites
of CMV/Gluc vector (Targetingsystems, USA).

The constructed plasmids were transfected into HT-ori3, NPA,
and TPC-1 cells. Briefly, cells were plated into 24-well plates the
day before transfection at a seeding density of 1×105 cells/well.

Table 1. The primers used for RT-PCR or real-time PCR

GenBank Gene symbol Forward primer Reverse primer Temperature (°C)

MI0003129 pri-miR-146b 5′-CCACCTGGCACTGAGAACTGAA-3′ 5′-GAGCCCCTGACGTCTTTGAGCATAA-3′ 56
MI0000298 pri-miR-221 5′-GCTACATTGTCTGCTGGGTTTCA-3′ 5′-AGCTTTCTTGCGGTCCTTTCTCTG-3′ 56
MI0000299 pri-miR-222 5′-TCTGGCTACTGGGTCTCTGATG-3′ 5′-TCCTCCCCCTTGTAGTATTGAA-3′ 56
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Transfection was performed using Lipofectamine Plus reagent
(Invitrogen, USA), 0.3 μg of DNA, 4 μl of Plus reagent, and 1 μl
of Lipofectamine per well. Forty nanomolars of pre-miR-221
(Ambion, USA) or 80 nM of anti-miR-221 (Ambion, USA) were
cotransfected with 0.3 μg of CMV/Gluc-3xPT_miR221; CMV/
Gluc was used as a control. All transfections were carried out in
quadruplicate.

Gaussia Luciferase Assays

Thirty hours after transfection, cells were washed with phosphate
buffered saline (PBS) and treated with 100 μl of lysis solution.
Supernatants were plated in microplates and Gaussia luciferase
activities were measured using a Wallac1420 VICTOR3V
(PerkinElmer Life and Analytical Sciences, Shelton, CT, USA)
using a luciferase assay kit (TargetingSystems, USA). All results
are displayed as means ± standard deviation (SD; n=4).

In Vivo Visualization of Gaussia Luciferase
Expression in Cells

All experimental animals were housed under specific pathogen-free
conditions and handled in accord with the guidelines issued by the
Seoul National University Hospital-Institutional Animal Care and
Use Committee.

NPA cells were plated into 10-cm dishes the day before
transfection at a seeding density of 2×106 cells/dish. Forty nano-
molars of pre-miR-221 (Ambion, USA) or 80 nM of anti-miR-221
(Ambion, USA) were then cotransfected with 2 μg of CMV/Gluc-
3xPT_miR221 using Lipofectamine Plus reagent (Invitrogen, USA).
Cells transfected with CMV/Gluc were used as controls. After 24 h
of transfection, cells were counted, and 2×106 NPA cells were
suspended in 100 μl of PBS and implanted subcutaneously into nude
mice, as follows: cells transfected with CMV/Gluc were implanted
into right shoulders, cells transfected with CMV/Gluc-3xPT_miR221
into left thighs, and cells cotransfected with CMV/Gluc-
3xPT_miR221 and pre-miR-221 or CMV/Gluc-3xPT_miR221 and
anti-miR-221 were implanted into right thighs.

To investigate Gluc activity regulation by miR-221 in mice over
6 days, cells prepared using the methods described above were
implanted into nude mice, as follows: cells transfected with CMV/
Gluc were implanted into left thighs, cells cotransfected with
CMV/Gluc-3xPT_miR221 into right thighs, cells transfected with
CMV/Gluc-3xPT_miR221 into left thighs, and cells cotransfected
with CMV/Gluc-3xPT_miR221 plus pre-miR-221 or with CMV/Gluc-
3xPT_miR221 plus anti-miR-221 were implanted into right thighs.

The IVIS100 imaging system (Xenogen, USA), which includes
an optical charge coupled device (CCD) camera mounted on a
light-tight specimen chamber, was used for the data acquisition and
analysis. Briefly, coelenterazine (Biotium, Inc., USA) was diluted
to 5 μg/50 μl in PBS before use, and this was subcutaneously
injected into the sites of previous NPA cell injections. A mouse was
placed in a specimen chamber with a mounted CCD camera and
light emitted by luciferase in mice was then measured. Gray scale
photographic images and bioluminescent color images were super-
imposed using LIVINGIMAGE V. 2.12 software (Xenogen, USA)
and IGOR image analysis software. Bioluminescence signals are
expressed as photons per cubic centimeter per second per steradian
(P/cm2/s/sr).

Results
MiR-221 was Highly Expressed in Papillary
Thyroid Carcinoma

To identify a good microRNA candidate for imaging gene
regulation in carcinoma, we examined the expressions of
miR-146b, miR-221, and miR-222, which have all been
reported to be highly expressed in PTC, by RT-PCR and
real-time PCR in HT-ori3 cells (a normal thyroid cell line)
and in NPA and TPC-1 cells (papillary thyroid cancer cell
lines). RT-PCR detected primary miR-221 (pri-miR-221)
overexpression in PTC cells, but the other miRNAs were not
distinguishable (Fig. 1a). To quantify the expressions of pri-
miRNAs in NT or PTC cells, real-time PCR was performed.
Levels of each primary miRNA were normalized versus β-
actin. pri-miR-146b expressions in NPA and TPC-1 cells
were 2.7 and 2.2 times lower, respectively, than in HT-ori3
cells. pri-miR-221 expressions in NPA and TPC-1 cells were
2.24 and 1.5 times higher, respectively, than in HT-ori3
cells. pri-miR-222 expression in NPA cells was 1.3 times
higher than that in HT-ori3 cells, and in TPC-1 cells, it was a
half that in HT-ori3 cells (Fig. 1b).

Based on the qRT-PCR results of primary miR-146b,
miR-221, and miR-222 and the observed overexpression of
miR-221 in both PTC cell lines (NPA and TPC-1), it was
selected for further analysis. MiR-221 is intergenic micro-
RNA located on chromosome Xp11.3, in which it clusters
with miR-222. Moreover, the sequence of mature miR-221 is
evolutionarily well conserved from worm to man [16, 17].
We quantified the endogenous levels of mature miR-221 in
HT-ori3, NPA, and TPC-1 cells by real-time PCR (normal-

Table 2. The oligonucleotides cloned in 3′UTR of Gluc

ID Oligonucleotide sequence

3xPT_miR221 Forward 5′-tcgagaatctagtGAAACCCAGCAGACAATGTAGCTtagtaGAAACCCAGCAGACAATGTAGCTtagta
GAAACCCAGCAGACAATGTAGCTt-3′

3xPT_miR221 Reverse 5′-ctagaAGCTACATTGTCTGCTGGGTTTCtactaAGCTACATTGTCTGCTGGGTTTCtacta
AGCTACATTGTCTGCTGGGTTTCactagattc-3′

The italicized sequences indicate the enzyme sites, XhoI or XbaI
The bold sequences indicate the binding sites of mature miR-221
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ized versus U6) and found that its levels in NPA and TPC-1
cells were 17 and seven times greater, respectively, than its
levels in HT-ori3 cells (Fig. 1c).

MiR-221—Directed the Repression of Gaussia
Luciferase Reporter Gene Bearing
Complementary Sequences of Mature miR-221

Gene expression analyses of miR-221 by PCR are meaningful,
but do not readily allow the in vitro or in vivo noninvasive
imaging of miR-221 function. To monitor the endogenous
expression levels of mature miR-221 in PTC, we constructed
a CMV/Gluc-3xPT_miR221, which included CMV promoter
and three perfect complementary target sequence repeats of
mature miR-221 in the 3′UTR of Gluc. When miR-221 was
present in cells, Gluc activities, after transfecting CMV/Gluc-
3xPT_miR221, were repressed by binding between mature
miR-221 and the 3xPT in the 3′UTR of Gluc, which resulted
in mRNA destabilization. Thus, repressed Gluc activities
indirectly represented levels of mature miR-221 in cells.

Initially, CMV/Gluc-3xPT_miR221 was examined to
determine whether it was repressed by gradually increasing
amounts of exogenously derived pre-miR-221 in HeLa cells
(a human cervical carcinoma cell line) and in HT1080 cells
(a human fibrosarcoma cell line), which both express low
endogenous levels of mature miR-221 (Fig. 2a). When
CMV/Gluc-3xPT_miR221 was cotransfected with 0, 10, 20,

40, or 80 nM of cognate pre-miRNA into HeLa or HT1080
cells, Gluc activities from CMV/Gluc-3xPT_miR221 were
found to be dose dependently repressed.

To further establish a link between Gluc repression and the
presence of endogenous miR-221 in PTC, HT-ori3, NPA, and
TPC-1 cells were transfected with CMV/Gluc-3xPT_miR221
vector. Transfection with only CMV/Gluc-3xPT_miR221
induced a significant reduction in Gluc activity in HT-ori3,
NPA, and TPC-1 cells versus transfection with CMV/Gluc. In
addition, Gluc expression fromCMV/Gluc-3xPT_miR221 was
more repressed in TPC-1 and NPA cells than in HT-ori3 cells.
To confirm that Gluc repression by CMV/Gluc-3xPT_miR221
was due to miR-221, CMV/Gluc-3xPT_miR221 was cotrans-
fected with either exogenous pre-miR-221 or anti-miR-221.
Cotransfection of CMV/Gluc-3xPT_miR221 with 40 nM of
exogenous pre-miR-221 showed additional repression of Gluc
in all three cell lines. Conversely, the Gluc activities of CMV/
Gluc-3xPT_miR221 in HT-ori3, NPA, and TPC-1 cells were
dramatically retrieved after cotransfection with 80 nM of anti-
miR-221 (Fig. 2b).

In Vivo Visualization of Gaussia Luciferase
Expression Controlled by miR-221

To detect the miR-221-mediated repression of Gluc activity
resulting from CMV/Gluc-3xPT_miR221 in PTC in vivo, we
imaged nude mice at 5 h after subcutaneously implanting 2×

Fig. 1. Quantitative comparisons of primary and mature miRNAs. a RT-PCR of primary miRNA-146b, miRNA-221, and
miRNA-222 in HT-ori3, NPA, or TPC-1 cells. RT-PCR was performed using total RNAs and primers for the different primary
miRNAs. β-actin was used as a loading control. b Real-time PCR of primary miRNA-146b, miRNA-221, and miRNA-222. The
relative amounts of primary miRNAs were normalized versus β-actin using the equation 2−ΔΔCT, where ΔCT=(CTmiRNA−CTβ-actin)
and ΔΔCT=(ΔCT−ΔCTmiRNA of HT-ori3). The amount of pri-miRNAs in HT-ori3 was set at 1. The relative amounts of pri-miRNAs in
NPA and TPC-1 are shown. The data displayed are means ± SD (fold intensity). c Quantifications of mature miRNA-221 in HT-
ori3, NPA, and TPC-1 cells. Real-time PCR was performed using small RNAs from each cell line and mature miR-221 primers.
Amounts of mature miR-221 were normalized versus U6 snRNA using the equation 2−ΔΔCT, where ΔCT=(CTmiRNA−CTU6RNA) and
ΔΔCT=(ΔCT−ΔCTmiRNA of HT-ori3). The relative amounts of mature miR-221 in NPA and TPC-1 cells are shown. Data are
displayed (fold intensity differences) and are expressed as means ± SD.
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106 of NPA cells transfected with CMV/Gluc, CMV/Gluc-
3xPT_miR221, and CMV/Gluc-3xPT_miR221 with pre-
miR-221, or CMV/Gluc-3xPT_miR221 with anti-miR-221
(Fig. 3). Gluc activities from CMV/Gluc-3xPT_miR221
were significantly lower than that from the positive control
(CMV/Gluc), because the endogenous level of mature miR-
221 was overexpressed in PTC. Furthermore, cotransfection
with CMV/Gluc-3xPT_miR221 and pre-miR-221 further
reduced Gluc expression due to the presence of exogenously
derived miR-221 (Fig. 3a). However, anti-miR-221 trans-
fected into NPA cells inhibited the binding of endogenous
mature miR-221 to CMV/Gluc-3xPT_miR221 and reduced
this repression of Gluc activity (Fig. 3b). Normalized fold
expressions determined by region of interest (ROI) analysis
showed that the Gluc activities of CMV/Gluc-3xPT_miR221
were 0.39 times and 0.4 times lower, respectively, than that
of CMV/Gluc due to endogenously presented miR-221, and
0.25 times lower by exogenous pre-miR-221 and 1.73 times
higher by the addition of anti-miR-221 from each right thigh
compared with that of CMV/Gluc from right shoulder
(Fig. 3c,d).

To investigate in vivo the real-time imaging of miR-221
production and specificity related to PTC, Gluc activities in
mice were monitored for 6 days and subjected to ROI
analysis (Fig. 4). CMV/Gluc-3xPT_miR221 transfected cells
showed higher Gluc repression over time than CMV/Gluc
transfected cells (positive control; Fig. 4a). To investigate
the specificity of the miR-221-regulated repression of CMV/

Gluc-3xPT_miR221, mice were implanted with NPA cells
transfected with CMV/Gluc-3xPT_miR221 and CMV/Gluc-
3xPT_miR221 plus pre-miR-221 (Fig. 4b), or CMV/Gluc-
3xPT_miR221 and CMV/Gluc-3xPT_miR221 plus anti-
miR-221 (Fig. 4c). The Gluc activities in mice transfected
with CMV/Gluc-3xPT_miR221, but without the cotransfec-
tion of exogenously derived pre-miR-221 or anti-miR-221
into NPA cells, were normally repressed. However, Gluc
expression repression in mice was augmented by pre-miR-
221, and its activity was almost undetectable after 3 days.
On the other hand, Gluc expression was increased by anti-
miR-221, and this was much more resistant to the repressive
effect of endogenous miR-221 over the 6-day observation
period. Fold ratios of ROI normalized versus CMV/Gluc-
3xPT_miR221 showed that Gluc repression by endogenous
miR-221 or exogenous pre-miR-221 and the recovery of
Gluc expression by anti-miR-221 were maintained for 6 days
even though Gluc repression by endogenous miR-221 was
unstable at 2 days (Fig. 4d).

Discussion
The expressions and functions of microRNAs have been
correlated with aspects of cellular metabolism, such as the
regulation of cellular differentiation, proliferation, apoptosis,
and development, and with clinically important diseases,
such as cancer, cardiovascular diseases, neurological dis-
eases, viral diseases, and metabolic disorders [3, 9–11].

Fig. 2. In vitro Gaussia luciferase activities regulated by miR-221. a Gaussia luciferase activity was repressed dose
dependently by exogenous miR-221 in Hela and HT1080 cells. CMV/Gluc-3xPT_miR221 was cotransfected with four different
doses of pre-miR-221 (0, 10, 20, 40, or 80 nM) into Hela or HT1080 cells. * PG0.01; ** PG0.05 (versus CMV/Gluc). b Gaussia
luciferase activities regulated by endogenous or exogenous miR-221, or anti-miR-221 in HT-ori3, NPA, or TPC-1 cells. CMV/
Gluc-3xPT_miR221 was cotransfected with 40 nM of pre-miR-221 or 80 nM of anti-miR-221 into cells. * PG0.02 (CMV/Gluc
versus CMV/Gluc-3xPT_miR221); ** PG0.02 (CMV/Gluc versus CMV/Gluc-3xPT_miR221 + pre-miR-221); *** PG0.05 (CMV/
Gluc-3xPT_miR221 versus CMV/Gluc-3xPT_miR221 + anti-miR-221). Gluc assays were conducted after transfecting for 30 h.
Data are displayed as means ± SD (RLU/mg protein; n=4). RLU relative light units.
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MicroRNAs are up- or downregulated in many human
cancers and may function as oncogenes or tumor suppressor
genes during carcinogenesis [12–15]. Of the many miRNAs
known, miR-221 has been recently reported to be highly
expressed in PTC [16–20]. In the present study, we found a
significant correlation between miR-221 and PTC by using
qRT-PCR and our luciferase reporter system to follow gene
expression. In terms of mature miR-221 expression, NPA
cells (a PTC cell line) expressed 17-fold higher levels than in
HT-ori3 (a NT cell line). This numerical value is consider-
ably higher than the 2.24-fold difference found for primary
miR-221. To image the gene expressions of primary and
mature miR-221, a 1.8-kb upstream region of miR-221
(containing a well-conserved GC-rich region by comparative
genome mapping of the University of California Santa Cruz
database) was cloned into the promoterless Fluc vector,
pGL3_basic. Unfortunately, promoter analysis of five
different fragments of the 1.8-kb upstream region did not
show any carcinoma-directing promoter elements in the
NPA or TPC-1 cell lines, which suggested that the enhancer
elements are located outside this 1.8 kb region (data not
shown). This discrepancy in the expressions of endogenous
primary and mature miR-221 in NPA cells might be due to
an unknown process that converts primary to mature miR-

221 in cancer cells [15]. Moreover, this could be associated
with the cytoplasmic storage of miRNAs in P-bodies or
some other mechanism required for the rapid turnover of
primary miRNAs to mature miRNAs.

The CMV/Gluc-3xPT_miR221 luciferase reporter system
we devised to monitor miR-221 in PTC showed great
specificity for the miR-221-regulated imaging of exogenous
pre-miR-221 or anti-miR-221. Gluc expression in vitro was
downregulated by more than twofold by binding between
endogenous miR-221 and 3xPT, and the addition of
exogenous pre-miR-221 in cancer cells dose dependently
augmented the repression of Gluc activity, whereas the
addition of anti-miR-221 into cancer cells showed the
retrieval of repressed Gluc activity. In vivo bioluminescence
images of Gluc activity produced the same result, i.e.,
endogenous or exogenous miR-221 downregulated Gluc
activity, and this repression was retrieved by anti-miR-221.
In vivo Gluc expression in cells transiently cotransfected
with CMV/Gluc-3xPT_miR221 and pre-miR-221 or anti-
miR-221 almost disappeared after 1 week. Thus, for the
long-term noninvasive imaging of miRNA-related gene
expression, cell lines stably expressing these vectors
should be devised to overcome this limitation, which
would enable dynamic changes in miRNA-directed Gluc

Fig. 3. In vivo visualization and ROI analysis of Gluc activities controlled by miR-221 in nude mice bearing NPA cells. Images
were obtained at 5 h after implanting NPA cells subcutaneously into nude mice. a, c Repression of Gluc activities by
endogenous or exogenous miR-221. b, d Recovery of Gluc activities by anti-miR-221. a Cells transfected with CMV/Gluc; b
cells transfected with CMV/Gluc-3xPT_miR221; c cells cotransfected with CMV/Gluc-3xPT_miR221 and 40 nM of pre-miR-221;
d cells cotransfected with CMV/Gluc-3xPT_miR221 and 80 nM of anti-miR-221 (n=3 mice/group). c, d The ROIs of sites were
measured and normalized versus those of the CMV/Gluc control (a). * P=0.012; ** P=0.014; *** P=0.027. Data are displayed as
means ± SD (fold intensity).

76 H.J. Kim, et al.: Imaging of miR-221 Biogenesis



activity to be observed long term. The present study
demonstrates the capability of the luciferase system for
in vitro quantitative assessment and for the in vivo
qualitative visualization of miR-221 expression in PTC.
Furthermore, in vitro and in vivo imaging analyses based on
the described luciferase system provide an understanding of
the biogenesis of miRNAs and of their functions in
carcinoma and in cellular metabolism, without having to
sacrifice animals.

The bioluminescence imaging method used in the present
study is highly sensitive at detecting low levels of gene
expression due to the absence of background, whereas
bioluminescence imaging using reporter genes like firefly
luciferase, Renilla luciferase, and Gaussia luciferase is
limited in terms of its clinical applications due to the
immunogenicity of nonhuman imaging reporter enzymes.
To overcome this limitation, human-derived reporter genes
based on dopamine receptor type 2, somatostatin receptor,

sodium iodide symporter, norepinephrine transporter, human
mitochondrial thymidine kinase type 2, transferrin receptor,
or ferritin could be devised for the nuclear or MR imaging of
miRNA biogenesis in vivo.

Conclusion
MiR-221 was found to be overexpressed in PTC, and the
devised Gluc reporter system, which was developed to
quantify mature miR-221 in PTC, was found to be useful
for monitoring the expressions and functions of miRNAs
noninvasively. In addition, we believe that this system
could be used to investigate the regulation of miRNAs in
various tissues during carcinogenesis in living organisms.
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