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The sodiumyiodide symporter (NIS) stimulates iodide uptake in
normal lactating breast, but is not known to be active in nonlac-
tating breast or breast cancer. We studied NIS gene regulation and
iodide uptake in MCF-7 cells, an estrogen receptor (ER)-positive
human breast cancer cell line. All-trans retinoic acid (tRA) treat-
ment stimulated iodide uptake in a time- and dose-dependent
fashion up to '9.4-fold above baseline. Stimulation with selective
retinoid compounds indicated that the induction of iodide uptake
was mediated by retinoic acid receptor. Treatment with tRA mark-
edly stimulated NIS mRNA and immunoreactive protein ('68 kDa).
tRA stimulated NIS gene transcription '4-fold, as shown by nuclear
run-on assay. No induction of iodide uptake was observed with RA
treatment of an ER-negative human breast cancer cell line,
MDA-MB 231, or a normal human breast cell line, MCF-12A. The
iodide efflux rate of tRA-treated MCF-7 cells was slow (t1/2 5 24
min), compared with that in FRTL-5 thyroid cells (t1/2 5 3.9 min),
favoring iodide retention in MCF-7 cells. An in vitro clonogenic
assay demonstrated selective cytotoxicity with 131I after tRA stim-
ulation of MCF-7 cells. tRA up-regulates NIS gene expression and
iodide uptake in an ER-positive breast cancer cell line. Stimulation
of radioiodide uptake after systemic retinoid treatment may be
useful for diagnosis and treatment of some differentiated breast
cancers.

D ifferentiated thyroid cancer has been effectively treated by
using radioiodine (131I) therapy for over 40 years (1). In this

treatment, 131I is given orally, absorbed into the blood stream,
and transported by the sodiumyiodide symporter (NIS) into
susceptible tissues. In normal thyroid tissue, NIS is expressed on
the plasma membrane at the basolateral surface of follicular cells
(2, 3). NIS is responsible for the ability of the thyroid gland to
concentrate iodide (4, 5) and depends on the electrochemical
gradient of Na1, which is maintained by the activity of Na1-K1

ATPase (4, 6). Iodide trapped in thyroid follicular cells is
organified as thyroglobulin by the action of thyroperoxidase and
used to synthesize thyroid hormone. NIS gene expression in
thyroid cells is regulated by thyrotropin (TSH) via the cAMP-
dependent pathway (4, 7, 8). Thyroid cancer requires high levels
of TSH to induce or to maximally stimulate 131I uptake (1). In
some differentiated thyroid cancer, treatment with retinoic acid
(RA), in addition to TSH stimulation, has been reported to
induce NIS mRNA expression (9) and NIS activity (10). The
results of clinical pilot studies have suggested that iodide uptake
may be stimulated by RA treatment into metastases of thyroid
cancer that do not take up 131I under standard treatment
conditions (10).

Iodide accumulation in normal breast tissue was reported over
40 years ago (11–14). In the mouse lactating mammary gland,
iodide is concentrated 6- to 15-fold in milk, relative to the plasma
iodide concentration (13), less than the magnitude of iodine
concentration in the thyroid. Trapped iodide is secreted into the
milk, and '20% is organified, as a result of the action of
peroxidase expressed in the alveolar cells of the breast (14–16).
Recent studies have demonstrated expression of NIS in the

mammary gland (17–19). NIS activity in the breast is stimulated
by prolactin (PRL) (20, 21). It has been reported that some
hormone-dependent breast cancers also concentrate iodide, 5-
to 7-fold, compared with plasma iodide concentration (13, 22).
Recently, NIS mRNA expression was shown in human breast
cancer (6 of 7 specimens) (19). The iodide concentration in
breast cancer specimens, however, was significantly reduced
compared with that in thyroid tissue or benign breast adeno-
mas (19).

RA plays a pivotal role in development, differentiation, and
cell growth. The action of RA is mediated through two families
of nuclear receptors, retinoic acid receptors (RARs) and reti-
noid X receptors (RXRs). RARs and RXRs both are expressed
in MCF-7 cells, an estrogen receptor (ER)-positive human breast
cancer cell line (23). All-trans RA (tRA) inhibits cell cycle
progression and induces apoptosis in many tumor cell lines (24),
including MCF-7 (25–28). In clinical studies, tRA and its ana-
logues have proved useful for treatment of a number of cancers
(reviewed in ref. 24).

We hypothesized that RA could induce iodide uptake activity
in breast cancer cells and that NIS regulation in cancer would
differ from the hormonal regulation of NIS in normal breast
tissue.

Materials and Methods
Chemicals, Cells, and Vectors. All cell lines were obtained from the
American Type Culture Collection and maintained according to
the recommended conditions. tRA, 9-cis RA, and 4-[E2–5,6,7,8-
tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl-1-propenyl] ben-
zoic acid (TTNPB), sheep PRL, and synthetic oxytocin (OT)
were purchased from Sigma. The human NIS expression vector
was kindly provided by T. Endo and T. Onaya (Yamanashi
Medical University, Yamanashi, Japan). The PDS (Pendred’s
syndrome gene) cDNA was kindly provided by P. Kopp (North-
western University Medical School, Chicago). A pBluescript
vector containing human b-actin cDNA was obtained from the
American Type Culture Collection.

Iodide Uptake Assay. Unless otherwise noted, cells were grown in
12-well dishes, washed with Hanks’ balanced salt solution
(HBSS), and incubated for 2 h at 37°C with 500 ml HBSS
containing '0.1 mCi carrier-free Na125I (Amersham Pharmacia
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Biotech) and 10 mM NaI. The specific activity under these
conditions was 20 mCiymmol. After incubation, the cells were
washed twice with ice-cold HBSS and scraped from each well,
and radioactivity was measured in a g-counter. The radioactivity
was normalized to the cell number at the time of the assay. For
kinetic studies, cells were incubated with 0.1–600 mM NaI and
20 mCiymmol Na125I at 37°C for 5 min.

Northern Blot Analysis. Total RNA was prepared with Trizol
reagent (Life Technologies, Grand Island, NY), and Northern
blot was performed as described (29). For analysis of NIS, blots
were hybridized with a human NIS cRNA probe prepared by the
in vitro transcription of pcDNA3 containing the human NIS
cDNA (8) with SP6 RNA polymerase (Promega). For analysis of
PDS gene expression, PDS cDNA was labeled by a random-
primed labeling method. Blots were rehybridized with a b-actin
probe as a control for RNA content.

Nuclear Run-On Assay. Isolation of nuclei and in vitro transcription
were carried out as described (30). Linearized plasmids contain-
ing the target cDNAs (22 mg) dissolved in 0.4 M NaOH were
immobilized onto a Hybond-N1 nylon membrane (Amersham
Pharmacia) and hybridized with the labeled RNA as described
(30). Blots were exposed to x-ray film, and intensities of signals
were scanned and quantitated by using the National Institutes of
Health IMAGE program version 1.62 (available on the Internet at
http:yyrsb.info.nih.govynih-imagey).

Western Blot Analysis. Postnuclear membrane fractions were pre-
pared and Western blot analysis was performed as described (7)
with a polyclonal anti-human NIS antibody (31) (provided by T.
Onaya and T. Endo) and horseradish peroxidase-conjugated
anti-rabbit IgG (Boehringer Mannheim). Quantitation analysis
was performed as well as in nuclear run-on assay.

Iodide Efflux Assay. The procedure has been described (32, 33).
Briefly, cells in 12-well dishes were incubated with HBSS
containing 10 mM NaI and 20 mCiymmol Na125I at 37°C for 1 h,
and the medium was replaced every 5 min with fresh HBSS
without NaI. The content of 125I in the collected supernatant was
measured by g-counter. After the last time point (60 min), the
cells were extracted with 400 ml ethanol to count residual
radioactivity.

Measurement of Iodide Organification and Peroxidase Activity. Cells,
grown in 12-well dishes, were incubated for 2 h at 37°C with 500
ml HBSS containing '1.0 mCi carrier-free Na125I and 100 mM
NaI. Contents of organified iodide in the cells were determined
as described (34). The value was normalized to the cellular
protein content measured in the same cells with Bio-Rad protein
assay. The activity of peroxidase was measured as described (35).

131I-Cytotoxic Assay. The procedure was carried out as described
(33) with minor modifications. Briefly, cells grown in 75-cm2

flasks were treated with or without 1 mM tRA for 48 h. The cells
then were incubated for 7 h in 5% CO2 at 37°C with 5 ml of HBSS
containing 0, 10, or 100 mCiyml Na 131I (NEN) and 0, 1, or 10
mM NaI, respectively. The reaction was terminated by removing
the 131I-containing medium and washing cells twice with HBSS.
The cells then were trypsinized, counted, and plated at densities
of 250 and 1,000 cellsywell with growth medium in 6-well plates.
Uptake of 131I- was confirmed by a Geiger Mueller counter
before the plating. Cells were grown for 10 days, fixed with 3:1
methanolyacetic acid, and stained with crystal violet, and the
number of macroscopic colonies were counted. The survival rate
was calculated as the percentage of cell colonies in plates treated
with 131I- compared with those treated with only HBSS.

Statistical Analysis. All numerical data are expressed as the
mean 6 SD. Statistical significance of differences was deter-
mined by conducting a paired Student’s t test.

Results
tRA Induces Iodide Uptake Activity in MCF-7 Cells. MCF-7 cells
concentrated only a small amount of 125I (net amount was 0.18
pmoly104 cells) at baseline (Fig. 1a). The addition of 1 mM of tRA,
however, significantly increased iodide uptake at 6 h (approximate-
ly 1.5-fold above baseline, P , 0.05) and reached the maximum
(approximately 9.4-fold) at 48 h (Fig. 1a). The uptake was increased
in a dose-dependent manner (Fig. 1b) and was completely blocked
by 30 mM KClO4 (Fig. 1 a and b, M), a specific inhibitor of iodide
transport via NIS (4, 36). tRA, however, did not stimulate 125I
uptake in a less differentiated ER-negative human breast cancer
cell line, MDA-MB-231, or a normal human breast tissue-derived
cell line, MCF-12A (Fig. 1c).

FRTL-5, a rat thyroid cell line, is a well-characterized in vitro
standard for iodide uptake in normal thyroid cells (36, 37). The
amount of iodide concentrated in tRA-treated MCF-7 cells was
'56% of that seen in FRTL-5 cells (Fig. 1c). The cellymedium
iodide concentration ratio (CyM ratio) in tRA-treated MCF-7 cells
was '14, whereas that in FRTL-5 cells was '25. tRA treatment of
FRTL-5 cells did not stimulate iodide uptake (Fig. 1c).

The retinoid receptors in MCF-7 cells include RARa (32
fmolymg nuclear protein), RARg (35 fmolymg), and RXRa (60
fmolymg) (23). To evaluate whether RAR mediates the induc-
tion of iodide uptake, we assayed iodide uptake in response to
several retinoid compounds. The RAR-specific ligand, TTNPB
(4-[E2–5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl-1-
propenyl] benzoic acid), induced iodide uptake activity in

Fig. 1. Effects of RA on iodide uptake in breast cancer cells. (a) Time course
of RA-induced up-regulation of iodide uptake in MCF-7 cells. Cells were
incubated with 1 mM of tRA for the indicated time and then iodide uptake
assay was performed with 500 ml of HBSS containing '0.1 mCi Na125I and 10 mM
NaI. The reactions with (h) or without (■) 30 mM KClO4 were terminated at 2 h,
and the content of iodide in the cells was determined with g-counter. (b) Dose
dependency of tRA on iodide uptake in MCF-7 cells. Cells were incubated with
the indicated concentration of tRA for 48 h, and iodide uptake assay was
performed with (h) or without (■) 30 mM KClO4. (c) Iodide uptake activity in
breast tissue-derived cell lines treated with (■) or without (h) 1 mM tRA for
48 h. MCF-7, ER-positive breast cancer cell line; MDA-MB 231, ER-negative
breast cancer cell line; MCF-12A, normal breast tissue-derived cell line; FRTL-5,
rat thyroid cell line. (d) Effects of several retinoid compounds on iodide uptake
by MCF-7 cells: 1 mM of tRA, 9-cis RA, or TTNPB (4-[E2–5,6,7,8-tetrahydro-
5,5,8,8-tetramethyl-2-naphthalenyl-1-propenyl] benzoic acid) was added to
the growth medium, and iodide uptake assay was performed after 48 h.
Values are expressed as means 6 SD (n 5 3). *, P , 0.05; **, P , 0.01, when
compared with untreated cells.
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MCF-7 cells to the same level as tRA (Fig. 1d), indicating that
RAR mediates the effect (38). 9-cis RA, which stimulates both
RAR and RXR (38), also was not different from tRA stimula-
tion (Fig. 1d).

RA Stimulates NIS Gene Expression. The expression of NIS mRNA
in MCF-7 cells, with and without RA treatment, was analyzed by
Northern blot. No NIS mRNA was detected by Northern blot
analysis in MCF-7 cells before RA treatment (Fig. 2a, lane 0 h).
tRA stimulated NIS mRNA with a detectable band at 4 h,
reaching a maximum at 12 h (Fig. 2a). The levels of mRNA fell
to '59% of maximum at 48 h (Fig. 2a). tRA stimulation of NIS
mRNA was dose dependent with maximum stimulation at 1 mM
tRA (Fig. 2b). Nuclear run-on analysis was performed to de-
termine whether tRA increased the transcription rate of the NIS
gene. The transcription rate of the NIS gene was increased a
maximum of 3.65 6 0.58-fold 12 h after tRA stimulation (Fig. 3)

and fell to '62% of maximum at 48 h (Fig. 3). These findings are
consistent with down-regulation of the transcriptional response
with continuous RA stimulation.

RA Stimulates NIS Protein Expression. We examined the expression
of NIS protein in MCF-7 cells in response to RA treatment.
Human NIS in the thyroid is a glycosylated protein of 90–97 kDa
(3). Western blot analysis of the postnuclear membrane fraction
of MCF-7 cells with anti-human NIS antibody (31) demonstrated
a weak band of '68 kDa before the RA treatment (Fig. 4a, lane
0 h). In RA-treated MCF-7 cells, two species of immunoreactive
NIS protein, '90 kDa and '68 kDa, were detected (Fig. 4a).
The major immunoreactive protein in MCF-7 cells, '68 kDa,
was increased by tRA treatment, reaching a maximum ('10.9-
fold basal level) at 24 h (Fig. 4a). Reduced glycosylation of NIS
protein in NIS-transfected Chinese hamster ovary cells recently
has been reported (3). The '68-kDa protein detected in MCF-7
cells is the same as that recently reported to be deglycosylated
NIS (3). NIS function is preserved with partial or even absent
N-linked glycosylation (39). Although only a faint band of NIS
protein was detected in ER-negative MDA-MB 231 cells, there
was a modest induction of the '90-kDa and '68-kDa protein
after the tRA treatment (Fig. 4b). In contrast, MCF-12A cells,
derived from normal breast tissue, contained abundant immu-
noreactive protein ('74 kDa), but protein levels were not
changed by tRA treatment (Fig. 4c). MCF-12A cells expressed
NIS protein to the same level seen in RA-treated MCF-7 cells
(Fig. 4c), but they did not take up iodide (Fig. 1c). The
discordance between high NIS protein levels and low iodide
uptake also is seen in primary thyroid cells grown in monolayer
culture (T.K., G.A.B., and J. M. Hershman, unpublished data).
Normal breast cells, as observed with primary thyroid cells, may
require induction of secondary structure and cell polarity for the
NIS protein to be functional.

Characterization of RA-Induced Iodide Uptake in MCF-7 Cells. The
kinetics of iodide uptake in MCF-7 cells was analyzed and
compared with FRTL-5 cells. tRA stimulated MCF-7 cells took
up iodide rapidly and reached a half-maximal level of activity in
10 min and saturation at '30 min (Fig. 5a). The iodide uptake
was inhibited by ouabain, an inhibitor of Na1-K1 ATPase, in a
dose-dependent manner (Fig. 5b Upper), indicating that the

Fig. 2. Effect of tRA on NIS mRNA level in MCF-7 cells. (a) Time course of
tRA-induced up-regulation of NIS mRNA expression in MCF-7 cells. Cells were
incubated with 1 mM tRA for indicated time and then Northern blot analysis
was performed with 25 mg of total RNA. Radioactivity of the blots was
quantitated, and the intensity of NIS mRNA was normalized to b-actin mRNA
(Lower). Values are mean 6 SD (n 5 3). (b) Dose dependency of tRA on NIS
mRNA induction in MCF-7 cells. Cells were incubated with indicated concen-
tration of tRA for 12 h and then Northern blot analysis with 25 mg of total RNA
was performed. These experiments are representative of three experiments
performed with similar results.

Fig. 3. Nuclear run-on analysis after treatment of MCF-7 cells with tRA.
Nuclei were prepared from cells incubated with 1 mM tRA for time periods as
indicated. Transcription of the isolated nuclei was analyzed by hybridization
of 32P-labeled RNA to 22 mg of human NIS and human b-actin cDNAs immo-
bilized on nylon membranes. (a) Representative of three experiments per-
formed with similar results. (b) Densitometric analysis of three independent
run-on assays. Signals of NIS were quantified and normalized to those of
b-actin. Data at 0 h are arbitrarily assigned a value of 1, and intensities of NIS
are expressed as a fold increase over that basal value. Values are means 6 SD
(n 5 3). P , 0.03, at 12 h when compared with the group at 0 h.

Fig. 4. Effect of tRA on NIS protein levels in three human breast tissue-
derived cell lines. MCF-7 cells (a), MDA-MB-231 cells (b), or MCF-12A cells (c)
were treated with 1 mM tRA for the indicated times, and the postnuclear
membrane fraction was prepared. Protein (150 mg) was applied to each lane,
and Western blot analysis was performed with anti-human NIS antibody.
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iodide transport is facilitated by the Na1-K1 ATPase in MCF-7
cells, as has been shown in thyroid tissue (4, 6). The suppression
of iodide uptake by ouabain in MCF-7 cells was approximately
69–75% of maximal levels, and the maximum suppression was
obtained at '10 mM (Fig. 5b). These data closely agree with
ouabain suppression of iodide uptake in the FRTL-5 rat thyroid
cell line (6). The persistent iodide uptake activity in MCF-7 cells
(25–31%), independent of Na1-K1 ATPase, may be mediated by
another Na1 transporter. tRA-induced iodide uptake also was
inhibited by KClO4 in a dose-dependent manner (Fig. 5b Lower),
consistent with previous findings in FRTL-5 cells (36).

The initial velocity of iodide uptake was determined by
incubation for 5 min with 0.1–600 mM NaI (Fig. 5c). Excess
external iodide (. 100 mM) saturated the iodide transport.
Lineweaver-Burk double-reciprocal plots yielded the Km and
Vmax values (Fig. 5d). The apparent Km for iodide was 21.9 6 5.1
mM (the mean 6 SD) in MCF-7 cells, which is less than that in
FRTL-5 cells (37.0 6 5.2 mM). These results are consistent with
the range of values reported in FRTL-5 cells (33, 36) and NIS
expressed in nonthyroidal cells (5, 33, 40, 41). The Vmax of iodide
uptake in MCF-7 ('2.17 pmolymin per 104 cells) was signifi-

cantly lower than that in FRTL-5 cells ('13.7 pmolymin per 104

cells), indicating reduced expression of NIS in MCF-7 cells
compared with thyroid-derived cells.

Iodide Efflux Is Relatively Low in MCF-7 Cells Compared with FRTL-5
Cells. Although iodide uptake is essential for maximal effective-
ness of 131I therapy, the retention of iodide, as reflected by iodide
efflux, is also a critical variable. Iodide efflux was determined in
tRA-treated MCF-7 cells and FRTL-5 rat thyroid cells (Fig. 6a).
In FRTL-5 cells, more than 60% of the cellular radioactivity was
released into the medium during the initial 5 min (t1/2 5 3.9 min),
and no activity was detected at 60 min. These data are in
agreement with previous data with FRTL-5 cells (32, 33, 42). In
contrast, the MCF-7 cells exhibited a slow iodide release with
only 20% released during the initial 5 min and 24% remaining
at 60 min (t1/2 5 24 min). The same efflux rate was obtained with
various concentration of trapped iodide in the cells (0.3–6.0
nmoly105 cells; data not shown). To investigate whether the slow
efflux in MCF-7 cells was the result of iodide organification,
trichloroacetic acid precipitation of cell lysate was performed
after the incubation of the cells with 1 mM Na125I. As shown in
Fig. 6b, no iodide organification was observed in MCF-7 cells.
Only a small amount of iodide was organified in FRTL-5 cells
(Fig. 6b), although the efflux rate was relatively high. The rate
of iodide organification in FRTL-5 cells was consistent with
previous reports (34). It has been reported that peroxidase
activity is correlated with the ability to iodinate, and casein-like
proteins in milk were the major sites where iodination occurred
within the rat mammary gland (14). Because the lack of iodide
organification in the MCF-7 cells might be caused by insufficient
substrate, we measured peroxidase activity with guaiacol as a
substrate (35), but did not detect peroxidase activity (data not
shown). Based on recent reports of pendrin promoting iodide
efflux in the thyroid (43), we probed a Northern blot from
MCF-7 cells with and without tRA stimulation and did not
detect PDS mRNA, which encodes pendrin, although it was
detectable in thyroid (data not shown). Reduced efflux in
MCF-7 cells compared with FRTL-5 may be the result of the
absence of pendrin in MCF-7 cells.

Cytotoxic Clonogenic Assay in 131I-Treated MCF-7 Cells. We used a
previously established assay (33) to investigate whether 131I had
selective cytotoxic activity in RA-stimulated MCF-7 cells com-
pared with cells without tRA stimulation. MCF-7 cells were
incubated with 1 mM tRA for 48 h, exposed to 10 or 100 mCi Na

Fig. 5. Characterization of iodide uptake by tRA-treated MCF-7 cells. Cells
were treated with 1 mM of tRA for 48 h before assay. (a) Time course of iodide
uptake in tRA-treated MCF-7 cells. Iodide uptake was initiated by incubating
MCF-7 cells with 500 ml of HBSS containing '0.1 mCi Na125I and 10 mM NaI. The
reactions were terminated at the indicated times, and the content of iodide in
the cells was determined. Values are means 6 SD (n 5 3). (b) Inhibition of
RA-induced iodide uptake by ouabain and KClO4. (Upper) Indicated concen-
tration of ouabain was added to the growth medium containing RA 30 min
before the assay. In iodide uptake assay, cells were incubated for 30 min at
37°C with 500 ml of HBSS containing '0.1 mCi Na125I, 10 mM NaI, and the
various concentrations of ouabain. (Lower) Inhibition of RA-induced iodide
uptake by KClO4. Iodide uptake assay was performed by 30-min incubation
with '0.1 mCi Na125I, 10 mM NaI, and indicated concentration of KClO4. (c and
d) Dependency of initial velocity of iodide uptake (5 min) on the extracellular
iodide concentration in tRA-treated MCF-7 cells (c), and comparison of the
kinetics of iodide uptake between MCF-7 cells and FRTL-5 rat thyroid cells (d).
Cells were incubated at 37°C for 5 min with 500 ml of HBSS containing 20
mCiymmol 125I- and indicated concentration of NaI. Trapped 125I- was mea-
sured by g-counter and normalized to the cell number. Nonspecific binding of
125I- was determined in duplicate assays in the presence of 30 mM KClO4, and
this value was normalized to the cell number and subtracted from the values
measured (36). (c) The subtracted data (net uptake velocity) are expressed as
means 6 SD (n 5 3). (d) The data of 3–300 mM NaI, which were chosen
according to previous studies (33, 36, 41), are graphed as Lineweaver-Burk
plot. All points of triplicate wells are plotted. F, MCF-7 cells; E, FRTL-5 cells.

Fig. 6. Iodide efflux is reduced in MCF-7 cells compared with FRTL-5 rat
thyroid cells. (a) Iodide efflux from tRA-treated MCF-7 cells compared with
that from FRTL-5 rat thyroid cells. MCF-7 cells were treated with 1 mM tRA for
48 h before the assay. FRTL-5 cells were maintained with 1 milliunityml TSH.F,
MCF-7 cells; x, FRTL-5 cells. (b) Iodide organification in tRA-treated MCF-7 cells
and FRTL-5 cells. Cells were incubated for 2 h at 37° C with 500 mM HBSS
containing '1.0 mM Na125I and 100 mM NaI. Nonspecific binding of 125I- was
determined in duplicate assays in the presence of 30 mM KClO4. The radioac-
tivity of trichloroacetic acid-precipitate was normalized to the cellular protein
content measured in the same cells. Data are means 6 SD (n 5 3).
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131I for 7 h, and colony formation was assessed after 10 days.
MCF-7 cells took up 131I in response to tRA treatment (Fig. 7a).
As shown in Fig. 7b, the survival rate, based on the clonogenic
assay, was markedly reduced in response to 131I (P , 0.0001).
Treatment of tRA-stimulated cells with 131I resulted in a dose-
dependent reduction in colony formation with 36.6 6 7.9% (the
mean 6 SD) remaining after 10 mCi 131I and 9.65 6 4.6% after
100 mCi 131I. In contrast, survival of control cells (without tRA
treatment) was 97.5 6 9.4% after 10 mCi 131I and 68.0 6 9.9%
after 100 mCi 131I. Treatment with only tRA did not affect the
survival rate as reflected in colony formation (data not shown).
These results demonstrate that cytotoxicity from 131I treatment
of tRA-stimulated MCF-7 cells is similar in magnitude to that
reported in tumor cell lines transfected with a NIS-expressing
vector (33).

Forskolin, OT, or PRL Does Not Induce Iodide Uptake in MCF-7 Cells. It
has been reported that the iodide uptake in thyroid cells is
stimulated by TSH via the cAMPyadenylate cyclase pathway (4,
7, 8, 37). Treatment of MCF-7 cells with 0.1–100 mM forskolin,
an agonist of adenylate cyclase, however, did not increase the
iodide uptake (data not shown).

The stimulatory effect of PRL on iodide uptake in mouse has
been reported (20, 21). OT may increase iodide uptake in breast
tissue because iodide uptake is stimulated in lactating mammary
gland (13). OT (10–1,000 nM) and PRL (10–10,000 ngyml),
however, did not significantly stimulate the iodide uptake in
MCF-7 cells (data not shown), and these hormones did not
change the iodide uptake induced by tRA (data not shown). The
effect of PRL on iodide uptake in breast requires synthesis of
mRNA and protein, likely NIS (21). The signaling pathway for
PRL or OT to stimulate NIS gene expression may be impaired
in breast cancer compared with lactating breast cells.

Effect of RA on Iodide Uptake Is Cell Selective. NIS mRNA expres-
sion has been reported in a number of human tissues, in addition
to thyroid and mammary gland, including prostate, placenta, and
lung (17, 18). We, therefore, tested tRA-stimulated iodide
uptake in four human cancer cell lines: an androgen receptor-
positive prostate cancer cell line (LNCaP), a choriocarcinoma
cell line (JEG-3), and two nonsmall cell lung cancer cell lines
(A549 and H460). No induction of iodide uptake, however, was
found in these cell lines in response to tRA treatment (data not
shown).

Discussion
We have shown that tRA rapidly induces iodide uptake activity
(in 6 h) after the up-regulation of NIS gene expression mediated
by RAR. The up-regulation of NIS by TSH in thyroid cells has
been well characterized (4, 7, 37) and contrasts with tRA
stimulation in MCF-7 cells. NIS mRNA levels are rapidly
increased in TSH-stimulated FRTL-5 rat thyroid cells; however,
there is a 12-h latency before the onset of increased iodide
uptake and maximum uptake is observed at 72 h (7, 37). In
contrast, in MCF-7 cells, tRA increased NIS mRNA, NIS
protein, and iodide uptake levels by 6 h, reaching a maximum at
12, 24, and 48 h, respectively, and no latency period of iodide
uptake was observed. One possible explanation for the differ-
ence in time course between TSH-treated FRTL-5 cells and
tRA-treated MCF-7 cells is the requirement for de novo protein
synthesis for TSH-stimulated NIS gene expression. In FRTL-5
cells, the induction of NIS mRNA by TSH requires de novo
protein synthesis (7). RA directly stimulates NIS mRNA expres-
sion via endogenous RARs in MCF-7 cells without a require-
ment for new protein synthesis.

NIS gene expression in thyroid cells is regulated by transcription
factors, such as TTF-1 (thyroid transcription factor-1) (44), Pax-8
(Paired domain transcription factor) (45), and NTF-1 (NIS TSH-
responsive factor-1) (46), whose expression is enriched in the
thyroid. These are important for up-regulation of NIS gene expres-
sion by TSH, and the accumulation of cAMP after TSH stimulation
is required to activate these factors (45, 46). In contrast, cAMP
agonists decrease iodide uptake in mouse mammary tissue culture
(21). We have confirmed that forskolin, an adenylate cyclase
agonist, does not induce iodide uptake activity in MCF-7 cells. In
contrast to tRA stimulation of iodide uptake in ER-positive breast
cancer cells, tRA decreases iodide uptake in FRTL-5 cells (ref. 9
and our data). These findings also indicate that NIS gene regulation
differs in the thyroid and breast.

We have demonstrated tRA induction of iodide uptake in
ER-positive MCF-7 cells, but not in ER-negative MDA-MB 231
cells. The MDA-MB 231 cell line is known as an RA ‘‘resistant’’
breast cancer cell line and the expression of RARa and RARb is
reduced compared with MCF-7 (47). Because the induction of NIS
in MCF-7 cells by tRA is mediated by RARs, the reduced expres-
sion of NIS in MDA-MB 231 is likely caused by the reduced RAR
content. Studies in MCF-7 cells show that estradiol increases RAR
expression and down-regulates RXR (23), a profile that would be
favorable for a NIS response. Recent studies show that in FRTL-5
rat thyroid cells, estradiol down-regulates NIS gene expression (48).
Additionally, it has been reported that RA inhibits activation of ER
in MCF-7 cells (49, 50).

Efflux of iodide from MCF-7 cells was prolonged (t1/2 5 24
min) compared with that in FRTL-5 cells (t1/2 5 3.9 min). The
rapid efflux rate in FRTL-5 cells has been reported (32, 42),
whereas a low efflux rate was seen when a vector expressing the
rat NIS cDNA was transfected into Chinese hamster ovary cells
(41, 42). In patients with total iodination defects in the thyroid,
trapped iodide is completely released within 1 h after adminis-
tration of ClO4

- (51). Iodide organification is, therefore, one of
the important factors for the thyroid gland to retain trapped
iodide. In lactating mammary gland, and some hormone-
dependent mammary tumors, iodination of protein was observed
(13, 14, 16). Our results of iodide organification, however,
indicated no iodination activity in MCF-7 cells, whereas a small
amount of iodide was organified in FRTL-5 cells. Very recently,
the cDNA of another iodide transporter, pendrin, has been
cloned as a chlorideyiodide transporter (52), which may function
in thyroid gland to transport iodide into the follicular lumen
before its organification (43). PDS mRNA, which encodes
pendrin, is found exclusively in the thyroid, including FRTL-5
cells (43). In MCF-7 cells, no PDS mRNA was detected by

Fig. 7. 131I treatment significantly reduced the survival rate of RA-treated
MCF-7 cells. Cells were treated with or without 1 mM tRA for 48 h, and then
incubated with HBSS containing 0, 10, or 100 mCiyml Na 131I and 0, 1, or 10 mM
NaI, respectively for 7 h. Cells were harvested and applied to clonogenic assay
as described (33). (a) Uptake of 131I- by MCF-7 cells. After the incubation with
131I, b-ray activity of the trapped 131I was counted by a Geiger Mueller counter.
The count was normalized to the cell number. (b) The survival rate of MCF-7
cells after the 131I treatment. The rate was calculated as a percentage of cell
colonies treated with 131I- compared with those treated with only HBSS. Solid
columns, RA-treated MCF-7 cells; open columns, unstimulated MCF-7 cells.
Values are means 6 SD (n 5 6). *, P , 0.0001, when compared with the group
of unstimulated MCF-7 cells.
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Northern blot before or after treatment with tRA. Therefore, it
is possible that a thyroid-specific iodide trap and release system
involving pendrin may be responsible for the high iodide efflux
rate in FRTL-5 thyroid cells. Nonthyroidal cells, such as MCF-7
cells and Chinese hamster ovary cells, have a slower efflux rate,
likely because of the absence of pendrin.

Although no iodide organification was found in MCF-7 cells,
our cytotoxicity study with 131I demonstrated a significant effect
of 131I treatment after stimulation with RA in MCF-7 cells. The
results are significant, because monolayer cells were used in our
study, in which b-energy emitted from trapped 131I is deposited
outside of the monolayer cells, but washed away in our assay (33).
Our assay, therefore, likely underestimates cytotoxicity caused
by 131I. Most differentiated thyroid cancers have varying degrees
of impaired iodide organification (53–55), but 131I therapy is still
effective in most thyroid cancer, even when organification is
diminished or absent.

In conclusion, we report here the stimulatory effect of tRA on
iodide uptake in MCF-7 cells, after up-regulation of the NIS
gene mediated by RAR. This effect is selective for ER-positive
breast cancer. Iodide efflux rate in tRA-treated MCF-7 cells was
prolonged compared with the thyroid, and 131I treatment after
tRA stimulation was selectively toxic for breast cancer cells.
Stimulation of radioiodine uptake after systemic retinoid treat-
ment may be useful for diagnosis and treatment of some
differentiated breast cancer.
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