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Increased expression of the sodium iodide symporter (NIS) is re-
quired for effective radioiodine treatment and reporter gene
imaging of breast cancer. We investigated the effect of retinoic
acid on adenovirus-mediated expression of the human NIS
gene in the MCF-7 breast cancer cell line. Methods: The
MCF-7 cell line was infected with recombinant adenovirus carry-
ing the human NIS gene (Rad-NIS). Levels of NIS messenger
RNA (mRNA) and protein expression and radioiodine (125I) up-
take were measured to evaluate adenovirus-mediated NIS
gene expression in wild-type and Rad-NIS–infected MCF-7 cells
after treatment with all-trans-retinoic acid (ATRA; 1028–1026

mol/L). Results: The transduction efficiency of adenovirus in
MCF-7 cells at a multiplicity of infection (MOI) of 50 was
.60%. After incubation with 1026 mol/L ATRA, the mRNA level
in Rad-NIS–infected MCF-7 cells increased to 118.5 times that
of wild-type MCF-7 cells, whereas the mRNA level in wild-type
MCF-7 cells showed only a 2.1-fold increase. Western blot, im-
munocytochemical staining, and flow cytometry analyses
showed that NIS protein expression in MCF-7 cells infected
with Rad-NIS increased after ATRA treatment. With ATRA treat-
ment, the amount of 125I uptake increased in a dose-dependent
manner (P , 0.001). The 125I uptake in wild-type MCF-7 cells in-
creased 3.1-, 5.5-, and 7.6-fold with treatment with 1028, 1027,
and 1026 mol/L ATRA, respectively. Rad-NIS–infected cells
showed a 4.0-fold increase in 125I uptake. Treatment of Rad-
NIS–infected cells with 1028, 1027, and 1026 mol/L ATRA in-
creased 125I uptake by 4.9-, 8.2-, and 27.6-fold, respectively,
compared with wild-type MCF-7 cells. The level of NIS expres-
sion in Rad-NIS–infected MCF-7 cells treated with 1026 mol/L
ATRA (245.0 6 13.7 pmol/106 cells) was much greater than the
sum of the expression levels seen in ATRA-treated wild-type
cells and Rad-NIS–infected wild-type cells. Conclusion: Reti-
noic acid increases adenovirus-mediated NIS expression in
MCF-7 cells. Our results indicate that improved efficiency of
NIS gene therapy or reporter imaging in breast cancer may be
possible with retinoic acid treatment.
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The active transport of iodine into the thyroid gland is
the first step in the synthesis of thyroid hormones and is
mediated by the sodium iodide symporter (NIS), which is a
transmembrane glycoprotein on the basolateral membrane
of the thyroid follicular cells (1). Thyroidal accumulation
of iodine allows the use of radioiodine for the diagnosis and
postoperative treatment of differentiated thyroid cancer.
Breast cancer is the most common cancer in women; yet no
curative therapy exists for recurrent and metastatic breast
cancer. Lactating breast tissue and some breast cancers
have been shown to express NIS and thereby accumulate
iodide and pertechnetate (2,3). Therefore, increased NIS
expression in breast cancer cells may allow radioiodine
techniques to be used in the diagnosis and treatment of
breast cancer. However, the expression level of NIS in
breast cancer cells is variable and, even in NIS-expressing
tissues, iodide uptake is not sufficient for clinical routine
diagnostic imaging or treatment (4). The potential use of
radioiodine in breast cancer will require the levels of NIS
expression to be increased.

Induction of the NIS gene and increased iodide uptake
have been demonstrated in a transfected MCF-7 breast can-
cer cell line (5) and breast cancer cells transduced with
an adenovirus carrying a human cytomegalovirus (CMV)
promoter-driven NIS gene (6,7). Recently, treatment with
retinoic acid, either alone or in combination with dexameth-
asone, has been shown to induce NIS gene expression and
iodide uptake in estrogen receptor–positive MCF-7 cells and
in an animal model with MCF-7 cells (8–13). A recent study
has demonstrated that the transcription factor Nkx-2.5 is a
crucial component in the transcription regulation in the
mammary gland and MCF-7 cells (13). Retinoic acid is a
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biologically active metabolite of vitamin A and has regu-
latory effects on cell differentiation, proliferation, and
apoptosis (14). In thyroid cancers, retinoic acid is known
to induce cellular differentiation and NIS expression
(15,16).

Replication-deficient adenoviruses are efficient vehicles
for delivering genes into mammalian cells and are widely
used for cancer gene therapy and reporter gene imaging
(17). The CMV promoter, which is often present in ad-
enoviruses, contains cis-acting DNA-binding sites referred
to as retinoic acid response elements (RAREs), which are
responsive to nuclear retinoic acid receptors (18,19). Ret-
inoic acid has been shown to increase expression of
adenovirus-mediated transgene expression both in vivo
and in vitro (20). The presence of nuclear retinoic acid
receptors in MCF-7 cells (21) and of the RAREs in CMV
promoters (19) may allow the use of retinoic acid to in-
crease the level of adenovirus-mediated NIS gene expres-
sion in MCF-7 cells. As a result, improved efficiency of
NIS gene therapy and reporter gene imaging may be
achieved. In this study, we investigated the effect of all-trans-
retinoic acid (ATRA) treatment on adenovirus-mediated
expression of human NIS in the MCF-7 breast cancer cell
line.

MATERIALS AND METHODS

Cell Lines and Recombinant Adenovirus
MCF-7 human breast cancer cells were obtained from the

American Type Culture Collection (lot number: 3448190) and main-
tained in Dulbecco’s modified Eagle medium ([DMEM] Gibco-
BRL) supplemented with 10% fetal bovine serum, L-glutamine
(2 mmol/L), penicillin (10 IU/mL), and streptomycin (50 mg/mL),
at 37�C and with 5% CO2. An E1- to E3-deleted replication-
defective recombinant adenovirus carrying the human NIS gene
under the control of the CMV promoter (Rad-NIS) was kindly
donated by Dr. Sissy M. Jhiang (Ohio State University). A recom-
binant adenovirus carrying a CMV promoter-driven galactosidase
gene (Rad-LacZ) has been described previously (22) and was used
to evaluate the efficiency of adenovirus-mediated gene transfer.
Human adenovirus 5-transformed human embryonic kidney 293
cells were maintained in DMEM supplemented with 10% fetal
bovine serum, L-glutamine (2 mmol/L), penicillin (100 IU/mL), and
streptomycin (50 mg/mL). The adenoviruses were plaque-purified,
propagated, and titered in 293 cells using a standard method in-
volving a CsCl gradient purification as described previously (23).
The virus bands were recovered and desalted by dialysis in Tris
buffer twice and a final dialysis in Tris buffer containing 5%
sucrose.

Efficiency of Gene Transfer
To test the efficiency of adenovirus-mediated gene transfer

in MCF-7 cells by recombinant adenovirus, cells were infected
with Rad-LacZ at a multiplicity of infection (MOI) of 5 or 50
and stained with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-Gal). Two days after infection with Rad-LacZ, the MCF-7 cells
were processed with fixing solution (1.0% formaldehyde and 0.2%
glutaraldehyde in deionized H2O) for 5–10 min and washed twice

with phosphate-buffered saline twice. The cells were then incu-
bated with staining solution (0.4 mg/mL X-Gal, 4 mmol/L K4Fe,
4 mmol/L K4Fe, 2 mmol/L MgCI2 in phosphate-buffered saline,
pH 7.2) for 4–24 h at 37�C.

ATRA Treatment and Cell Growth Inhibition
ATRA was purchased from Sigma. Stock solutions were pre-

pared in dimethyl sulfoxide stored at temperatures below 270�C.
Further dilutions were made in DMEM before use.

MCF-7 cells were plated in 6-mm dishes (1 · 104 cells per dish)
and grown. Twenty-four hours after plating, cells were incubated
with 1028, 1027, or 1026 mol/L ATRA for 48 h. After cells were
detached by brief exposure to 0.25% trypsin to give a single-cell
suspension, the number of cells in each treatment group was
measured using the trypan blue exclusion method. Unless other-
wise noted, we performed 3 independent experiments in triplicate
for all analyses.

NIS Gene Transfer and Evaluation of Expression
MCF-7 cells were plated and grown for 24 h. The cells were

then incubated in the presence of varying concentrations of ATRA
(0, 1028, 1027, or 1026 mol/L). After a 24-h incubation with
ATRA, the cells were infected with Rad-NIS at 50 MOI. The
medium was replaced daily (24), and 48 h after infection NIS
expression was assessed as described. Control MCF-7 cells were
not infected with Rad-NIS, and in these cells NIS expression and
radioiodine uptake were evaluated after incubation with ATRA for
72 h.

Quantitative reverse transcription-polymerase chain reaction
(RT-PCR) was performed to evaluate messenger RNA (mRNA)
expression as described previously (25). Total RNA was isolated
using Trizol reagent (Invitrogen Inc.) according to the manufac-
turer’s protocol. The PCR primer and TaqMan probes for the
mRNA of human NIS were designed using computer software
(Primer Express; ABI Perkin Elmer). The sense and antisense
primer sequences were 59-GTA CCT GGA GAT GCG CTT CAG-39

and 59-TCG TGG CTA CAA TGT ACT GCA AA-39, and the
specific probe sequence was 59-CAG TGC GGC TCT GCG GGA-39.
The TaqMan probe was labeled with a reporter fluorescent dye,
FAM (6-carboxyfluorescein), at the 59-end and a fluorescent dye
quencher, TAMRA (6-carboxytetramethyl-rhodamine), at the 39-
end. Quantitative RT-PCR was performed with the TaqMan uni-
versal PCR master mix (Applied Biosystems) at 50�C for 2 min
and 95�C for 10 min, then run for 40 cycles at 95�C for 15 s and
60�C for 1 min, and analyzed on an MJ research detection system
(MJ Research 2002; Opticon monitor version 2.10.10). Results
were expressed as the NIS copy numbers normalized against a
standard curve of levels of the internal control glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA obtained from com-
plementary DNA fragments that were coamplified in each PCR
run. We performed 2 independent experiments in duplicate.

For Western blot analyses, cells were harvested and protein
extracts were prepared in lysis buffer (50 mmol/L N-(2-hydroxy-
ethyl)piperazine-N9- (2-ethanesulfonic acid), 0.15 mol/L NaCl,
0.5% Nonidet P-40) containing the protease inhibitors (phenyl-
methylsulfonylfluoride, tosyl-lysylchloromethyl-ketone, and to-
sylphenylalanyl-chloromethane). The lysates were separated by
10% reduced sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. The proteins were transferred to a polyvinyldifluoride mem-
brane filter, which was then blocked with 5% nonfat dry milk in
Tris-buffered saline Tween (TBST) buffer (10 mmol/L Tris-HCl,
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pH 8.0, 150 mmol/L NaCl, 0.1% Tween 20) for 30 min at room
temperature. Western blot analysis was then performed by incu-
bating the filter with a mouse monoclonal antihuman NIS anti-
body (mAb-3564; Chemicon) (26) in TBST containing 5% nonfat
dry milk at 4�C overnight, followed by incubation with peroxi-
dase-conjugated goat antirabbit IgG (1:3,000) for 60 min at room
temperature. Immunodetection was performed using the Pierce
enhanced-chemiluminescence system (Amersham) for 1 min ex-
posed to x-ray film.

For immunocytochemical staining, cells were fixed in 4%
paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4) for 30
min at room temperature. After washing with phosphate-buffered
saline, 2% bovine serum albumin was added as a blocking reagent
and cells were incubated for 60 min at room temperature. The
cells were then serially incubated with a primary mouse mono-
clonal antihuman NIS antibody (mAb-3564; Chemicon) and a
secondary Cy-32labeled antimouse antibody (The Jackson Lab-
oratories). The number of NIS-expressing cells was estimated
visually under a fluorescence microscope and quantified using a
fluorescence-activated cell sorter (FACScan; Becton-Dickinson).
We performed 2 independent experiments using MCF-7 cells with
and without adenovirus-mediated NIS transfer.

Radioiodine Uptake Assay
Radioiodine uptake was determined at steady-state conditions

as described by Weiss et al. (27). In brief, MCF-7 cells were plated
in a 24-well plate at a cell density of 1 · 106 cells per well and
cultured. For the radioiodine uptake assay, 10 mmol/L of NaI and
3.7 kBq of 125I (New England Nuclear) in 0.5 mL of Hanks’
buffered salt solution were added to each well, and cells were
incubated for 1 h at 37�C. The specific activity under these
conditions was 740 MBq/mmol. After incubation, the media were
removed, the cells were washed twice with 1 mL of ice-cold
Hanks’ buffered salt solution, and 95% ethanol was added at room
temperature. After an additional 20 min, 0.5 mL of the supernatant
from each well was recovered and counted in a g-counter (Cobra
II; Packard). For the sodium perchlorate inhibition study, 30
mmol/L of sodium perchlorate were added to each well 20 min
before 125I administration, and the same uptake assay was
performed. Data represent the absolute amount of accumulated
125I inside cells (pmol/106 cells). On the basis of the growth
inhibition studies with retinoic acid, each experiment to determine
cell numbers was performed separately in triplicate as described.

Data Analysis
Numeric data were expressed as mean 6 SD. Data comparisons

between groups were performed by the nonparametric Kruskall–
Wallis test or the repeated-measures ANOVA test. A P value
, 0.05 was considered statistically significant.

RESULTS

Efficiency of Gene Transfer

The MCF-7 cells were efficiently transduced with Rad-
LacZ. At 5 MOI infection of Rad-LacZ, b-galactosidase
expression on X-Gal staining was about 10%. However, at
50 MOI infection, most of the cells expressed b-galacto-
sidase, and the transduction efficiency was estimated to be
.60% (Fig. 1).

Cell Growth Inhibition by ATRA

Proliferation of MCF-7 cells was inhibited in a dose-
dependent manner by exposure to ATRA at concentrations
of 1028–1026 mol/L (P , 0.05; Fig. 2). After a 48-h incu-
bation without ATRA, the mean cell number per well was
2.10 · 105, whereas after 48-h incubation in the presence
of 1026 mol/L of ATRA, the mean cell number was 0.95 ·
105.

Enhancement of NIS Gene Expression by ATRA

Quantitative RT-PCR showed an increase in mRNA
expression with ATRA treatment (P , 0.001) (Fig. 3).
Untreated MCF-7 cells showed a small amount of basal
NIS mRNA expression (4,550 6 1,202 copies/mg of
GAPDH). With 1026 mol/L ATRA treatment, the mRNA
level was increased by 2.1-fold compared with wild-type
MCF-7 cells (9,450 6 212 copies/mg of GAPDH). By
contrast, the increase in mRNA expression with ATRA was
more marked in Rad-NIS–infected cells. The expression
levels in these cells were 21.6-fold (98,500 6 707 copies/
mg of GAPDH) greater than those in wild-type MCF-7
cells. After incubation with 1026 mol/L ATRA, the mRNA
level in Rad-NIS–infected cells was increased to 118.5-fold
that of wild-type MCF-7 cells (539,000 6 45,255 copies/
mg of GAPDH; P , 0.001).

Western blot analysis and immunocytochemical staining
showed similar results. Levels of the main immunoreactive
protein in MCF-7 cells, which has a molecular mass of
;90 kDa, increased with ATRA treatment combined with
adenovirus-mediated NIS transfer (Fig. 4). In Rad-NIS–
infected cells, there was a significant, dose-dependent in-
crease in NIS protein expression levels with ATRA treat-
ment. However, wild-type MCF-7 cells showed only a low
level of NIS expression even with ATRA treatment. The
immunocytochemical staining and flow cytometry analysis
also showed similar results (Figs. 5 and 6). MCF-7 cells
that had not been infected with Rad-NIS showed only faint

FIGURE 1. Efficiency of adenovirus-
mediated gene transfer in MCF-7 cells
shown by X-Gal staining. Blue-colored
cells represent expression of b-galacto-
sidase. Efficiency of gene transfer is
.60% at 50 MOI. MI 5 mock infection.
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immunoreactivity (not shown), whereas cells infected with
Rad-NIS showed marked plasma membrane staining with
some intracellular immunoreactivity. Strong immunoreac-
tivity was observed in MCF-7 cells with 1026 mol/L ATRA
treatment (Fig. 5). In wild-type MCF-7 cells, the numbers
of NIS-positive cells were 0.2% 6 0.1%, 0.2% 6 0.1%,
0.3% 6 0.2%, and 0.5% 6 0.4% with 0, 1028, 1027, and
1026 mol/L ATRA treatment, respectively, whereas those in
Rad-NIS–infected MCF-7 cells were 17.6% 6 1.9%,
20.2% 6 2.1%, 38.8% 6 2.5%, and 56.6% 6 3.3%,
respectively (Fig. 6).

Radioiodine Uptake Assay

ATRA treatment increased 125I uptake in a dose-dependent
manner (P , 0.001) (Fig. 7). Untreated MCF-7 cells showed
only small levels of 125I uptake (8.9 6 1.1 pmol/106 cells).
The uptake increased by 3.1-, 5.5-, and 7.6-fold with 1028,
1027, and 1026 mol/L ATRA, respectively. Rad-NIS–

infected cells showed a 4.0-fold increase in 125I uptake
(35.4 6 1.1 pmol/106 cells), and treatment with 1028, 1027,
and 1026 mol/L ATRA increased 125I uptake by 4.9-, 8.2-,
and 27.6-fold compared with wild-type MCF-7 cells. Rad-
NIS–infected MCF-7 cells treated with 1026 mol/L ATRA
showed the greatest levels of 125I uptake in this study
(245.0 6 13.7 pmol/106 cells), which was markedly greater
than the sum of the levels observed with ATRA treatment
and Rad-NIS infection alone. Increased 125I uptake was
completely blocked by treatment with 30 mmol/L KClO4

(Fig. 7).

FIGURE 2. Effect of ATRA on growth inhibition of MCF-7
cells. Cellular proliferation was inhibited by ATRA in a dose-
dependent manner over 1028–1026 mol/L concentration range
(P , 0.05).

FIGURE 3. Results of quantitative real-time RT-PCR. NIS
mRNA expression was increased 2.1-fold with ATRA treatment
in wild-type MCF-7 cells, whereas NIS expression increased by
118.5-fold in adenovirus-infected MCF-7 cells. Enhancement
effect of ATRA is more marked in adenovirus-infected cells.

FIGURE 4. Effect of ATRA treatment on NIS protein expres-
sion in MCF-7 cells assessed by Western blot analysis. Main
immunoreactive protein in MCF-7 cells, ;90 kDa, increased
with ATRA treatment combined with adenoviral gene transfer.
ATRA significantly increased expression in dose-dependent
manner in cells infected with adenoviruses carrying NIS.
However, wild-type MCF-7 cells showed only faint NIS expres-
sion despite ATRA treatment. hNIS 5 human NIS.

FIGURE 5. MCF-7 cells with adenovirus-mediated NIS gene
transfer showed prominent plasma membrane staining with
intracellular immunoreactivity after ATRA treatment (A–D),
whereas wild-type MCF-7 cells revealed only faint staining
(not shown). (A) No ATRA. (B) 1028 mol/L ATRA. (C) 1027 mol/L
ATRA. (D) 1026 mol/L ATRA.
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DISCUSSION

The present study demonstrates that ATRA treatment
increases adenovirus-mediated transgene expression in an
estrogen receptor–positive MCF-7 cell line. NIS mRNA,
protein levels, and radioiodine uptake were all greater in
Rad-NIS–infected MCF-7 cells treated with ATRA than in
MCF-7 cells treated with only ATRA. Combined treatment
with ATRA and adenoviral gene delivery resulted in levels
of NIS gene expression and radioiodine uptake that were
greater than the sum of the levels observed with ATRA
treatment and adenoviral NIS delivery alone.

The action of retinoic acid is mediated through specific
nuclear receptors known as retinoic acid receptors (RARs)
and retinoid X receptors (RXRs). These 2 receptor sub-
families interact with cis-acting DNA-binding sites (RAREs)
in the promoter regions of target genes as either hetero-
dimeric RXR/RAR or homodimeric RXR/RXR and act as
ligand-dependent transcription factors (28). The endoge-
nous NIS gene has RAREs in its promoter region (29), so
these receptors are thought to affect the ability of NIS to
respond to retinoic acid. In cases of breast cancer, increased
NIS expression and growth inhibition with retinoic acid
were observed only in the estrogen receptor–positive can-
cers (8,10,30). The RARs in MCF-7 cells include abundant
RARa, RARg, and RXRa, as well as some RARb and
RXRb (6,31). It has been reported that increased expres-
sion of the NIS gene with ATRA treatment is likely to be
mediated by RAR (8,10). The ATRA–RAR complex acti-
vates RAR/RXR heterodimers and then binds to retinoic
acid– responsive genes (32). The present study confirms the
results of earlier reports that retinoic acid can increase
radioiodine uptake in MCF-7 cells (8–13).

RAR/RXR activation has also been shown to modulate
adenovirus-mediated transgene expression (20). Character-
ization of the human CMV promoter showed that selective
signaling of RARs by retinoic acid was dominant in the
retinoic acid–response pathway for activating human CMV
(19). In a transfection experiment with an adenovirus-
mediated CMV-driven gene, only cells transfected with
RAR/RXR expression vectors demonstrated marked en-
hancement in adenovirus-mediated gene expression with
retinoic acid treatment (19). In our study, we transferred the

FIGURE 6. MCF-7 cells with adenovirus-
mediated NIS transfer showed increasing
numbers of fluorescent positive cells
after ATRA treatment (A–D), whereas
wild-type MCF-7 cells showed only min-
imal increases in fluorescently labeled
cells with ATRA treatment (not shown).
(A) No ATRA. (B) 1028 mol/L ATRA. (C)
1027 mol/L ATRA. (D) 1026 mol/L ATRA.
FL2-H 5 585/42 filter-height of fluores-
cence intensity.

FIGURE 7. Effect of ATRA on radioiodine uptake in MCF-7
cells. 125I uptake in wild-type MCF-7 cells increased by 3.1-,
5.5-, and 7.6-fold with treatment of 1028, 1027, and 1026 mol/L
ATRA, respectively. Treatment with 0, 1028, 1027, and 1026

mol/L ATRA in Rad-NIS–infected cells increased 125I uptake by
4.0-, 4.9-, 8.2-, and 27.6-fold greater than that in wild-type
MCF-7 cells. Rad-NIS–infected MCF-7 cells with 1026 mol/L
ATRA treatment (245.0 6 13.7 pmol/106 cells) is much greater
than the sum of levels seen with ATRA treatment and Rad-NIS
infection alone. RA 5 retinoic acid.
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human CMV-driven NIS gene to MCF-7 breast cancer
cells. As RARs, RXRs, and estrogen receptors are ex-
pressed in MCF-7 cells (21), the increased expression of the
CMV-driven NIS transgene was expected due to direct
activation of the RAREs in CMV by retinoic acid–specific
receptors. The results of this study demonstrate the en-
hancement effects of retinoic acid on adenovirus-mediated
NIS gene and protein expression, as well as on radioiodine
uptake in MCF-7 cells.

In this study, the increases in NIS gene and protein
expression, and in radioiodine uptake in MCF-7 cells after
ATRA treatment, were less than those in Rad-NIS–infected
MCF-7 cells treated with ATRA. The discrepancy in
mRNA expression may be due to the time period over
which levels of ATRA-induced and adenovirus-mediated
mRNA expression were measured. We measured NIS
mRNA and protein expression in MCF cells 72 h after
ATRA treatment, when the ATRA-induced radioiodine
uptake and adenovirus-mediated NIS might have reached
maximum levels. Retinoic acid–induced mRNA expression
has been reported to reach a maximum after 12 h but then
decreases to ,40% of the maximum level after 72 h (8,10).
Adenovirus-mediated NIS mRNA expression was deter-
mined 48 h after adenoviral infection on the basis of
previous studies with an adenoviral vector (33,34).

Western blot analysis and immunocytochemical staining
showed only faint NIS expression in ATRA-treated wild-
type MCF-7 cells. On the other hand, a 7.6-fold increase in
radioiodine uptake was observed with 1026 mol/L ATRA
treatment. The amounts of radioiodine uptake were similar
to those observed in Rad-NIS–infected MCF-7 cells in this
study and were mostly consistent with the results from
previous studies (8,9,13). The low level of induction of NIS
protein expression with retinoic acid has also been ob-
served in previous studies in MCF-7 cells (8,9,12). Al-
though Kogai et al. detected a major deglycosylated NIS
band by Western-blotting analysis in ATRA-treated MCF-7
cells (8,9), a large amount of protein (150 mg) was applied
(35), and the NIS protein band was not normalized for
b-actin. In addition, ATRA induced only some immunore-
activity at the plasma membrane (9). These results, together
with those from our study, indicate that ATRA induces only
a low level of functional NIS protein expression at the
plasma membrane. The magnitude of radioiodine uptake
found in the present study in ATRA-treated MCF-7 cells is
greater than that reported by Unterholzner et al. (12). The
discrepancy is thought to be due to the use of a different
strain of MCF-7 cells (12).

The results obtained in this study conclusively demon-
strate the increase in adenovirus-mediated transgene ex-
pression induced by retinoic acid. Our findings correspond
with an earlier study (20), although the level of transgene
expression induced by retinoic acid alone in this previous
study seems to be lower than that observed in our study.
This is probably because the previous study assessed the
effect of retinoic acid in cells without retinoic receptor

expression. In this study, the cytotoxic effects of radioio-
dine in MCF-7 cells were not assessed. Confirmation of
these in vitro effects in animals with tumors is needed to
support the use of systemic retinoic acid therapy in breast
cancer models.

A further increase in adenovirus-mediated NIS gene
expression in MCF-7 cells may be achieved by a combi-
nation of retinoic acid and other transcriptionally active
drugs. Gaetano et al. demonstrated that a combination of
retinoic acid and trichostatin A, a histone-deacetylase in-
hibitor, increased and prolonged adenovirus-mediated
transgene expression in infected tissues and cells (20). In
addition, combined RXR stimulation may also increase
adenovirus-mediated transgene expression (10). Joint acti-
vation of RAR and RXR contributes to transactivation (19),
although signaling of RAR by retinoic acid plays an
important role in modulating CMV infection (36). The
heterodimerization of RXR with RAR stabilizes binding of
the receptors to their responsive elements and promotes
ligand-dependent transcriptional regulation (37). Therefore,
the combination of ATRA and an RXR-specific ligand may
be more effective. Dexamethasone is another candidate for
combination therapy. In MCF-7 breast cancer cells, treat-
ment with a combination of ATRA and dexamethasone
resulted in synergistic enhancement of endogenous NIS
expression and radioiodine-induced cytotoxicity (11,12).
The stabilization of RXR-RAR by dexamethasone may
contribute to ligand-dependent transcription of adenovirus-
mediated transgene, although there is no direct evidence for
adenovirus-mediated gene expression. Finally, increased
effectiveness of retinoic acid stimulation may also be
achieved by more selective retinoid stimulation (11). Fur-
ther studies assessing the effect of combining other nuclear
receptor ligands may provide additional insights into the
role of retinoic acid on adenovirus-mediated transgene
upregulation.

CONCLUSION

This study demonstrated increased expression of adenovirus-
mediated NIS expression in MCF-7 cells after retinoic acid
treatment. Increased NIS expression with ATRA treatment
was identified at the levels of mRNA, protein, and radio-
iodine uptake. Our results indicate that improved efficiency
of NIS gene therapy or reporter imaging in breast cancer
may be possible with retinoic acid treatment. The results of
this study can be applied to other therapeutic or reporter
gene transfer trials. The expression of adenovirus-mediated
transgenes can be enhanced by retinoic acid and appropri-
ate cellular combinations of retinoic acid nuclear receptors.
Combined treatment with other transcriptionally active
drugs may further increase the induction of adenovirus-
mediated gene therapy or imaging. It may also allow trans-
gene induction with a lower dose of retinoic acid in vivo,
while reducing retinoic acid toxicity.

RETINOIC ACID AND ADENOVIRAL NIS • Lim et al. 403



ACKNOWLEDGMENT

This study was supported by grant 02-032 from the Asan
Institute for Life Sciences, Seoul, Korea.

REFERENCES

1. Dai G, Levy O, Carrasco N. Cloning and characterization of the thyroid iodide

transporter. Nature. 1996;379:458–460.

2. Tazebay UH, Wapnir IL, Levy O, et al. The mammary gland iodide transporter is

expressed during lactation and in breast cancer. Nat Med. 2000;6:871–878.

3. Moon DH, Lee SJ, Park KY, et al. Correlation between 99mTc-pertechnetate

uptake and expressions of human iodide symporter gene in breast tumor tissues.

Nucl Med Biol. 2001;28:829–834.

4. Kilbane MT, Ajjan RA, Weetman AP, et al. Tissue iodine content and serum-

mediated 125I uptake-blocking activity in breast cancer. J Clin Endocrinol

Metab. 2000;85:1245–1250.

5. Nakamoto Y, Saga T, Misaki T, et al. Establishment and characterization of a

breast cancer cell line expressing Na1/I- symporters for radioiodide concentrator

gene therapy. J Nucl Med. 2000;41:1898–1904.

6. Boland A, Ricard M, Opolon P, et al. Adenovirus-mediated transfer of the

thyroid sodium/iodide symporter gene into tumors for a targeted radiotherapy.

Cancer Res. 2000;60:3484–3492.

7. Dwyer RM, Bergert ER. O’Connor MK, Gendler SJ, Morris JC. In vivo

radioiodide imaging and treatment of breast cancer xenografts after MUC1-

driven expression of the sodium iodide symporter. Clin Cancer Res. 2005;11:

1483–1489.

8. Kogai T, Schultz JJ, Johnson LS, Huang M, Brent GA. Retinoic acid induces

sodium/iodide symporter gene expression and radioiodide uptake in the MCF-7

breast cancer cell line. Proc Natl Acad Sci U S A. 2000;97:8519–8524.

9. Kogai T, Kanamoto Y, Che LH, et al. Systemic retinoic acid treatment induces

sodium/iodide symporter expression and radioiodide uptake in mouse breast

cancer models. Cancer Res. 2004;64:415–422.

10. Tanosaki S, Ikezoe T, Heaney A, et al. Effect of ligands of nuclear hormone

receptors on sodium/iodide symporter expression and activity in breast cancer

cells. Breast Cancer Res Treat. 2003;79:335–345.

11. Kogai T, Knanmoto Y, Li AI, et al. Differential regulation of sodium/iodide

symporter gene expression by nuclear receptor ligands in MCF-7 breast cancer

cells. Endocrinology. 2005;146:3059–3069.

12. Unterholzner S, Willhauck MJ, Cengic N, et al. Dexamethason stimulation of

retinoic acid-induced sodium iodide symporter expression and cytotoxicity of

131-I in breast cancer cells. J Clin Endocrinol Metab. 2006;91:69–78.

13. Dentice M, Luongo C, Elefante A, et al. Transcription factor Nkx-2.5 induces

sodium/iodide symporter gene expression and participates in retinoic acid- and

lactation-induced transcription in mammary cells. Mol Cell Biol. 2004;24:7863–

7877.

14. Evans TR, Kaye SB. Retinoids: present role and future potential. Br J Cancer.

1999;80:1–8.

15. Grunwald F, Menzel C, Bender H, et al. Redifferentiation therapy-induced

radioiodine uptake in thyroid cancer. J Nucl Med. 1998;39:1903–1906.

16. Schmutzler C, Kohrle J. Retinoic acid redifferentiation therapy for thyroid

cancer. Thyroid. 2000;10:393–406.

17. Russel WC. Update on adenovirus and its vectors. J Gen Virol. 2000;81:2573–

2604.

18. Ghazal P, DeMattei C, Giulietti E, Kliewer SA, Umesono K, Evans RM. Retinoic

acid receptors initiate induction of the cytomegalovirus enhancer in embryonic

cells. Proc Natl Acad Sci U S A. 1992;89:7630–7634.

19. Angulo A, Suto C, Heyman RA, Ghazal P. Characterization of the sequences of

the human cytomegalovirus enhancer that mediate differential regulation by

natural and synthetic retinoids. Mol Endocrinol. 1996;10:781–793.

20. Gaetano C, Catalano A, Palumbo R, et al. Transcriptionally active drugs improve

adenovirus vector performance in vitro and in vivo. Gene Ther. 2000;7:1624–

1630.

21. Titcomb MW, Gottardis MM, Pike JW, Allegretto EA. Sensitive and specific

detection of retinoid receptor subtype proteins in cultured cell and tumor

extracts. Mol Endocrinol. 1994;8:870–877.

22. Lee H, Kim J, Lee B, et al. Oncolytic potential of E1B 55 kDa-deleted YKL-1

recombinant adenovirus: correlation with p53 functional status. Int J Cancer.

2000;88:454–463.

23. Lee WW, Moon DH, Park SY, Jin J, Kim SJ, Lee H. Imaging of adenovirus-

mediated expression of human sodium iodide symporter gene by 99mTcO4

scintigraphy in mice. Nucl Med Biol. 2004;31:31–40.

24. Okamoto K, Andreola F, Chiantore MV, Dedrick RL, De Luca LM. Differences

in uptake and metabolism of retinoic acid between estrogen receptor-positive

and -negative human breast cancer cells. Cancer Chemother Pharmacol. 2000;

46:128–134.

25. Yang HS, Lee H, Kim SJ, et al. Imaging of human sodium-iodide symporter gene

expression mediated by recombinant adenovirus in skeletal muscle of living rats.

Eur J Nucl Med Mol Imaging. 2004;31:1304–1311.

26. Castro MR, Bergert ER, Beito TG, et al. Monoclonal antibodies against the

human sodium iodide symporter: utility for immunocytochemistry of thyroid

cancer. J Endocrinology. 1999;163:495–504.

27. Weiss SJ, Philp NJ, Grollman EF. Iodide transport in a continuous line of

cultured cells from rat thyroid. Endocrinology. 1984;114:1090–1098.

28. Levin AA, Sturzenbecker LJ, Kazmer S, et al. 9-cis retinoic acid stereoisomer

binds and activated the nuclear receptor RXRa. Nature. 1992;355:359–361.

29. Schmutzler C, Schmitt TL, Glaser F, Loos U, Köhrle J. The promoter of the
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