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Abstract

Context The sodium iodide symporter (NIS) mediates
iodide uptake in the thyroid gland as well as in lactating
breast, and is also expressed in the majority of breast cancers.
Recently, we have reported stimulation of all-trans retinoic
acid (atRA)-induced NIS expression in the human breast
cancer cell line MCF-7 by dexamethasone (Dex), resulting in
an enhanced therapeutic effect of '*'T in vitro.

Objective  In the current study we examined the efficacy of
Dex stimulation of atRA-induced NIS expression in vivo in
MCEF-7 xenotransplants in nude mice.

Design  After systemic treatment with atRA alone or in
combination with Dex, iodide accumulation in the tumors
was assessed by gamma camera imaging and gamma counter
analysis. In addition, NIS expression was examined on RNA
and protein level by RT-PCR and immunohistochemistry,
respectively.

Results  Using gamma camera imaging after intraperito-
neal injection of 18.5 MBq '*’I, no iodide accumulation was
detected in tumors of untreated mice or mice treated with
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atRA only. After combined treatment with atRA/Dex
significant '?’I accumulation was detected in MCF-7 xeno-
grafts, which, by ex vivo gamma counting revealed a 3.3-fold
increase in iodide accumulation as compared to control
tumors. Surprisingly, in a subset of mice treated with atRA or
atRA/Dex iodide accumulation was also detected in the
normal mammary glands. In a normal human mammary
epithelial cell line HB-2, however, no functional NIS
expression was induced after treatment with atRA and/or
Dex in vitro. Further, NIS mRNA and protein expression
was detected in atRA/Dex treated MCF-7 tumors by
RT-PCR and immunohistochemistry, respectively.
Conclusion Treatment with Dex in the presence of atRA is
able to induce significant amounts of iodide accumulation in
breast cancer xenotransplants in vivo due to stimulation of
functional NIS protein expression, which opens exciting
perspectives for a possible diagnostic and therapeutic role of
radioiodine in the treatment of breast cancer.

Keywords Breast cancer - Dexamethasone - Radioiodine
therapy - Retinoic acid - Sodium iodide symporter

Introduction

Iodide trapping activity in the thyroid gland due to
expression of the sodium iodide symporter (NIS) plays a
key role in diagnosis and therapy of follicular cell-derived
thyroid carcinomas and their metastases. As an intrinsic
plasma membrane glycoprotein, NIS mediates the active
transport of iodide at the basolateral membrane of thyroid
follicular cells [1, 2] and thereby represents one of the
oldest targets for selective radionuclide therapy. Functional
expression of NIS in papillary and follicular thyroid
carcinomas offers the possibility of effective imaging as
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well as therapeutic destruction of tumors by '*'T adminis-
tration contributing greatly to the generally favorable
prognosis of patients with differentiated thyroid cancer,
where 10-year survival rates of ~90-95% are reported.

Soon after cloning of NIS in 1996 it became clear that
endogenous NIS expression is not restricted to thyroid
tissue, but can also be detected in a variety of nonthyroidal
tissues, such as salivary and lacrimal glands, stomach,
kidney, and particularly mammary gland [1]. In normal
mammary tissue NIS is present exclusively during gesta-
tion and lactation, mediating the active transport and
secretion of iodide into the milk to supply iodide to the
infant for the biosynthesis of thyroid hormones [3].
Hormonal regulation studies in mice showed complex
regulation mechanisms for NIS in mammary gland by
estrogen, prolactin, and oxytocin [4]. Similar to organifi-
cation of iodide in the thyroid gland, about 20% of the
trapped iodide has been shown to be organified in lactating
mammary gland as a result of iodide oxidation by peroxi-
dase expressed in the alveolar cells of the breast followed
by binding to tyrosyl residues of caseins and other milk
proteins [5, 6].

In contrast to the restriction of NIS expression to the
lactating state in normal mammary gland, NIS expression
has also been detected with high frequency in human breast
cancer samples as well as in several transgenic breast
cancer models, where functional activity of NIS was
confirmed by scintigraphic imaging. These data indicate
that NIS is frequently up-regulated during malignant
transformation in breast tissue [4, 7, 8] and therefore offers
a powerful tool for selective breast cancer therapy based
upon NIS-targeted application of radioiodine that has been
used for over 60 years in the diagnosis and therapy of
follicular cell-derived thyroid cancer as the most effective
anticancer radiotherapy available today.

In thyroid cancer optimal efficacy of diagnostic and
therapeutic application of radioiodine requires utilization
of the exquisite TSH regulation of thyroidal NIS expression
through withdrawal of thyroid hormone replacement ther-
apy or application of recombinant TSH in order to maxi-
mize NIS-mediated iodide accumulation. Therapeutic
efficacy of NIS-mediated radionuclide therapy in breast
cancer is therefore expected to depend on similar manip-
ulation of mammary NIS expression. Kogai et al. were the
first to show that all-frans retinoic acid (atRA) is able to
induce both NIS gene expression as well as iodide accu-
mulation in vitro in a well-differentiated estrogen-receptor
positive human breast cancer cell line (MCF-7) [9], which
was also confirmed in MCF-7 cell xenotransplants and a
transgenic breast cancer mouse model in vivo [10]. MCF-7
cells are a widely used in vitro system to study regulatory
mechanisms in human breast adenocarcinoma. These data
that have been confirmed in subsequent studies, suggest
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that atRA is an absolute requirement for induction of NIS
expression in MCF-7 cells [11-13]. In more recent studies,
we and others have demonstrated that dexamethasone
(Dex) is able to significantly enhance atRA-induced
NIS expression and iodide accumulation in MCF-7 cells
in vitro [12-14], that allowed to significantly increase
selective cytotoxicity of '*'I from ~17% in MCF-7 cells
treated with atRA alone to 80% in MCF-7 cells treated with
Dex in the presence of atRA [14].

Based on these promising in vitro studies, in the current
study we examined the effect of atRA alone and in combi-
nation with Dex on NIS expression and iodide accumulation
in nude mice harboring MCF-7 cell xenografts in vivo.

Materials and methods
Cell culture

MCEF-7 cells (ATCC, Manassas, VA, USA) were grown
in MEM medium (Invitrogen Life Technologies Inc.,
Karlsruhe, Germany) supplemented with 10% fetal bovine
serum (PAA, Colbe, Germany), L-Glutamine and Penicil-
lin/Streptomycin (Invitrogen Life Technologies Inc.) at
37°C and 5% CO,.

HB-2 cells (a generous gift from Prof. Taylor-Papa-
dimitrou, Cancer Research-UK Breast Cancer Biology
Group, Guy’s Hospital, London, UK) were cultured in
DMEM with 10% FCS supplemented with hydrocortisone
(5 pg/ml) and insulin (10 pg/ml) [15].

For stimulation experiments MCF-7 cells and HB-2
cells were plated into 6-well plates (3 x 10° cells/well).
Twenty-four hours after plating, cells were incubated with
atRA (10_6 M) (Sigma, Taufkirchen, Germany), and Dex
(10°-1077 M) (Sigma) in the presence of 10% charcoal-
stripped fetal bovine serum for 24 h.

Establishment of MCF-7 xenotransplants

Xenotransplants derived from MCF-7 cells were estab-
lished in female CD-1 nu/nu mice (Charles River Labs.
Sulzfeld, Germany) by s.c. injection of 5 x 10° cells sus-
pended in 0.15 ml of MEM and 0.15 ml of Matrigel
Basement Membrane Matrix (Becton Dickinson, Bedford,
MA, USA). To ensure tumor growth of the estrogen-
dependent breast cancer cells, f-estradiol time-release-
pellets (1.7 mg/pellet, 60-day release; Innovative Research
of America, Sarasota, Fl, USA) were subcutaneously
implanted. Nude mice were maintained under specific
pathogen-free conditions with access to mouse chow and
water ad libitum. The experimental protocol was approved
by the regional governmental commission for animal
protection (Regierung von Oberbayern).
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Animal treatments and radioiodide uptake studies
in vivo

When tumors had reached ~5 mm in diameter, f-estradiol
pellets were removed, and mice were switched to a low-
iodine diet and received T4 supplementation in their
drinking water for 2 weeks to maximize radioiodine uptake
in the tumor and reduce uptake by the thyroid gland.

For systemic treatment mice were divided into three
groups (each group n = 8): (1) no treatment; (2) implan-
tation of atRA-time-release pellets (160 mg/kg/day); (3)
implantation of atRA (160 mg/kg/day)- and Dex (0.1 mg/
day)-time-release pellets. All pellets were purchased by
Innovative Research of America.

After treatment for 5 days, mice were injected with
18.5 MBq (0.5 mCi) 231 and iodide accumulation was
assessed using a gamma camera equipped with VXHR
collimator (Forte, ADAC Laboratories, Milpitas, CA,
USA). Imaging studies were performed under anesthesia
using an anesthetic machine loaded with isofluoran. After
imaging studies, mice were euthanized, tumors/tissues
were dissected, weighed and iodide accumulation was
measured using a gamma counter.

Immunohistochemistry

Immunohistochemical staining of frozen tissue sections
derived from MCF-7 cell xenografts was performed using the
Vectastain Elite ABC kit (Vector Laboratories, Burlingame,
CA, USA). After fixation of tissue sections in cold acetone,
inhibition of endogenous peroxidase activity, and blocking of
nonspecific binding with blocking serum for 30 min, slides
were incubated with a mouse monoclonal hNIS antibody
directed against amino acid residues 468—643 of human NIS
[16] at a dilution of 1:1,600 for 90 min. Tissue sections were
incubated with biotin-conjugated antimouse-immunoglobu-
lin for 30 min at room temperature, followed by incubation
with streptavidin-horseradish peroxidase macromolecular
complex. NovaRed (Vector Laboratories) was used as the
chromogen (red precipitate). Parallel control slides were
examined with the primary and secondary antibodies replaced
in turn by PBS and isotype matched nonimmune IgGs.

RNA preparation and PCR amplification

Total RNA was isolated from untreated and treated MCF-7
cell xenografts or HB-2 cells using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to manufacturer’s
recommendations. Single stranded oligo (dT)-primed
cDNA was generated using Superscript III Reverse
Transcriptase (Invitrogen). Following primers were used:

hNIS (nucleotides 1,184-1,202: 5-GATCCGCTGGCC
CTGCTCATCAAC-3": sense strand; nucleotides 1,667—
1,648:  5-AATTCGCAGGCCGGCAGGAACATTC-3":
antisense strand);

RARa (nucleotides 519-538: 5-CTGCCAGTACTGC
CGACTGC-3": sense strand; nucleotides 729-753: 5"-ACG
TTGTTCTGAGCTGTTGTTCGTA-3": antisense strand);

RARS (nucleotides 1,047-1,069: CACTGGCTTGACC
ATCGCAGACC-3": sense strand; nucleotides 1,507—
1,527: 5’-GAGAGGTGGCATTGATCCAGG-3": antisense
strand);

RARy (nucleotides 837-856: 5-CTGCCAGTACTGC
CGGCTAC-3": sense strand; nucleotides 1,040-1,064: 5’-T
CTGCACTGGAGTTCGTGGTATACT-3": antisense strand);

RxRa (nucleotides: 861-882: 5-CGACCCTGTCACC
AACATTTGC-3": sense strand; nucleotides 981-1,002: 5’-
GAGCAGCTCATTCCAGCCTGCC-3": antisense strand);

RxRf (nucleotides 816-835: 5-TCAGGCAAACA
CTACGGGGT-3": sense strand; nucleotides 1,566—1,585:
5-GCATACACTTTCTCCCGCAG-3": antisense strand);

RxRy (nucleotides 465-484: 5’-CTCAGGAAAGCACT
ACGGGG-3’: sense strand; nucleotides 804-823: 5'-CAG
GGTCATTTGTCGAGTTC-3": antisense strand).

Amplification was performed with 2 pl of each cDNA
template, 50 pmol of each primer in 5 pul 10 X reaction
buffer, and 0.4 units of Platinum Taq PCR polymerase
(Invitrogen) in a final volume of 50 pl. The amplification
reaction was for 30 cycles and each cycle consisted of 94°C
for 45 s (denaturation), 60°C for 45 s (annealing), and
72°C for 45 s (extension) followed by a final 10 min
elongation at 72°C.

To control integrity of the cDNA templates and to
rule out DNA contamination carried over in the samples,
all templates were amplified with intron-spanning prim-
ers that were designed to amplify a portion of the
human GAPDH gene (nucleotides 368-387: 5-GAGAA
GGCTGGGGCTCATTT-3": sense strand; nucleotides
712-695: 5-CAGTGGGGACACGGAAGG-3": antisense
strand). The expected GAPDH product from a cDNA
template is 344 bp. Reaction conditions were as stated
above. PCR products were analyzed in 1.5% agarose gels
(Biozym Diagnostic, Hess. Oldendorf, Germany) stained
with ethidium bromide (Sigma-Aldrich). The number of
amplification cycles was determined such that the prod-
uct amplification was in the exponential phase. For each
RT-Mix, GAPDH was co-amplified with the target gene
to confirm equal amounts of starting cDNA.

Following PCR amplification, PCR products were
gel-purified using the Agarose Gel DNA Extraction Kit
(Boehringer Mannheim) and subjected to automated
sequencing.
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Iodide uptake studies in vitro in HB-2 cells

Uptake of '*°I by treated MCF-7 cells and untreated as well
as treated HB-2 cells was determined at steady-state condi-
tions as described by Weiss et al. [17]. In brief, cells were
plated on 6-well plates (3 x 10° cells/well), and following
incubation with atRA (10° M) and Dex (10°-10" M),
respectively, iodide uptake studies were performed in
Hanks’ balanced salt solution (HBSS) supplemented with
10 pM Nal, 3.7 MBq (0.1 pCi) Na '* I/ml, and 10 mM
HEPES (pH 7.3). A 100 uM concentration of KCIO, was
added to control wells. Following incubation for 1 h, trapped
iodide was removed from cells by a 20-min incubationin 1 N
NaOH and measured by y-counting. Results were normal-
ized to cell survival measured by cell viability assay (see
below) and expressed as cpm/A490 nm.

Cell viability assay

Cell viability was measured using the commercially
available MTS-assay (Promega Corp., Mannheim,
Germany) according to the manufacturer’s recommenda-
tions. Cells were incubated with freshly prepared MTS
[3-(4,5-dimethylthiazol)-2-yl-5-(3-carboxymeth-oxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium)]/phenazine metho-
sulfate solution (ratio 1:1 by volume) for 1.5 h at 37°C in a
humidified 5% CO, atmosphere. The absorbance of the
formazan product was read at 490 nm, which is directly
proportional to the number of living cells in culture.

Membrane preparation and Western blot analysis

Cell membranes were prepared from treated and untreated
HB-2 cells by a modification of a previously described
procedure [14, 18]. For Western blot analysis, the
NuPAGE electrophoresis system (Invitrogen) was used.
Equal amounts of membrane protein as determined by DC
protein assay (20 pg) (Bio-Rad, Hercules, CA, USA) were
reduced by incubation with 0.5 M dithiothreitol for 10 min
at 70°C and loaded on 4-12% Bis-Tris—HCI] buffered
polyacrylamide gels. Following gel electrophoresis for 1 h,
proteins were transferred to nitrocellulose membranes
using electroblotting. Following blotting, membranes were
preincubated for 1 h in 5% low-fat dried milk in TBS-T
(20 mM Tris, 137 mM NaCl, and 0.1% Tween-20) to
block nonspecific binding sites. Membranes were then
incubated with a mouse monoclonal antibody directed
against amino acid residues 468—-643 of human NIS
(dilution 1:3,000) [16] for 2 h at room temperature. After
washing with TBS-T, horseradish peroxidase-labeled goat-
antimouse antibody was applied (dilution 1:5,000) for 1 h
at room temperature before incubation with enhanced
chemiluminescence Western blotting detection reagents
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(Amersham, Piscataway, NJ, USA) for 1 min. Exposures
were made at room temperature for ~1 min using BIO-
MAX MR films (Sigma). Prestained protein molecular
weight standards (Bio-Rad) were run in the same gels for
comparison of molecular weight and estimation of transfer
efficiency.

Results

Radioiodine uptake studies in vivo in MCF-7
xenografts

Two weeks after application of a low-iodine diet and T4
supplementation and removal of the f-estradiol pellets
(tumor size = 5 mm in diameter) three groups of mice
were established: (1) no treatment; (2) atRA treatment; (3)
atRA/Dex treatment. After a 5-day treatment period, mice
received 18.5 MBq (0.5 mCi) '*’I by i.p. injection and
were imaged using a gamma camera. No iodide accumu-
lation was detected in tumors of untreated mice (Fig. 1a) or
mice treated with atRA (Fig. 1b) or Dex alone (data not
shown). In contrast, significant iodide accumulation was
observed in MCF-7 xenografts of mice following s.c.
implantation of atRA/Dex pellets (in six of eight mice)
with accumulation of ~2-5% of the total radioiodine dose
administered (Fig. lc, arrows). Surprisingly, in 25% of the
atRA-treated and in 75% of the atRA/Dex-treated mice
iodide uptake was also observed in the normal mammary
glands (Fig. 1b, c, arrows). The radioiodide uptake induced
by atRA or atRA/Dex was inhibited by injection of NaClO,
(2 mg/mouse), a specific competitive inhibitor of NIS-
mediated iodide transport. The average biological half-life
of accumulated radioiodine in MCF-7 xenografts as
determined by serial imaging was ~2—3 h. In comparison,
~12 and 15% of the total radioiodine dose were accumu-
lated in the thyroid gland and stomach, respectively. The
iodide uptake in stomach was significantly higher than
usually seen in humans, which may be a result of increased
NIS expression in the murine gastric mucosa and may also
result from pooling of gastric juices as the mice were
anesthetized for a prolonged period for serial imaging. In
addition, in our earlier studies in prostate cancer xenografts
after PSA promoter-targeted NIS gene transfer, similar
iodide accumulation was reported in the thyroid gland and
stomach without any adverse effects after application of a
therapeutic dose of 111 MBq "' [19].

Control mice without prior injection of tumor cells and/
or implantation of estradiol pellets also revealed iodide
accumulation in normal mammary glands in a subset of
mice following systemic treatment with atRA or atRA/Dex,
while mice without treatment showed no iodide accumu-
lation in normal mammary glands (data not shown).
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Fig. 1 Radioiodide uptake studies in vivo. '>’I scan of a mouse
harboring MCF-7 cell xenografts 2 h following i.p. injection of
18.5 MBq (500 pCi) '?’I. While no iodide accumulation was detected
in tumors of untreated mice (a) and mice treated with atRA alone (b),
significant iodide accumulation was observed in MCF-7 xenografts of
mice following s.c. implantation of atRA/Dex pellets (c¢). Surpris-
ingly, iodide uptake was also detected in normal mammary glands in
a subset of mice (b, ¢). '**T was also accumulated physiologically in
bladder, stomach, thyroid and salivary glands

No significant retinoid toxicity (skin scaling, weight
loss) was observed in mice treated with atRA alone for
5 days. Combined treatment with atRA/Dex, however, was
associated with mild side effects, such as weight loss and

skin scaling, which were not life limiting and reversible
upon rehydration.

Radioiodine uptake studies ex vivo in MCF-7
xenografts

After imaging mice were sacrificed, tumors dissected and
231 accumulation was measured by gamma counting.
Iodide accumulation was significantly increased up to
3.3-fold (P < 0.05) in MCF-7 xenotransplants following
systemic atRA/Dex treatment (Fig. 2) as compared to
control tumors, tumors treated with atRA/Dex plus per-
chlorate and tumors treated with atRA alone, that revealed
mild iodide accumulation only in one of eight mice.

Analysis of NIS protein expression in MCF-7
xenografts by immunohistochemistry

Immunohistochemical staining of frozen tissue sections
derived from untreated (Fig. 3a), atRA- (Fig. 3b) and
atRA/Dex- treated (Fig. 3c) MCF-7 xenotransplant tumors
using a mouse monoclonal hNIS-specific antibody showed
strong but heterogenous and primarily membrane-associ-
ated hNIS-specific immunoreactivity in xenografts
following treatment with atRA in combination with Dex
(Fig. 3c, arrows). No treatment or treatment with atRA
alone did not result in hNIS-specific immunoreactivity
(Fig. 3a, b). Parallel control slides with the primary and
secondary antibodies replaced in turn by PBS and isotype-
matched nonimmune immunoglobulin were negative
(not shown).

69 p<0.05
O Control
% | atRA
D atRA/Dex
L 4 0O atRA/Dex + KCIO4
€
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Fig. 2 Radioiodide uptake studies ex vivo. After imaging mice were
sacrificed, tumors dissected and '>’T accumulation was measured by
gamma counting. Data were normalized to the weight of each tumor
and presented as tumor/blood ratio. lodide accumulation was
significantly increased up to 3.3-fold (P < 0.05) in MCF-7 xeno-
transplants following systemic atRA/Dex treatment as compared to
control tumors and tumors treated with atRA alone, that revealed mild
iodide accumulation only in one of eight mice
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Fig. 3 Immunohistochemistry. Immunohistochemical staining of
frozen tissue sections derived from untreated (a), atRA- (b) and
atRA/Dex- treated (¢) MCF-7 xenotransplant tumors using a mouse
monoclonal hNIS-specific antibody showed strong but heterogenous
and primarily membrane-associated hNIS-specific immunoreactivity
in xenografts following treatment with atRA in combination with Dex
(Fig. 3c, arrows). No treatment or treatment with atRA alone did not
result in hNIS-specific immunoreactivity (Fig. 3a, b). Parallel control
slides with the primary and secondary antibodies replaced in turn by
PBS and isotype-matched nonimmune immunoglobulin were negative
(not shown) (magnification x 200)

Analysis of NIS and retinoid receptor RNA expression
in MCF-7 xenografts by PCR amplification

To investigate the effect of atRA and Dex on NIS RNA
expression in MCF-7 cell xenografts in vivo, tumor spec-
imens were processed for RNA preparation followed by
RT-PCR with a pair of hNIS-specific oligonucleotide
primers to amplify a 483 bp fragment of the hNIS DNA
(Fig. 4, top). To monitor cDNA integrity and quantity,
samples were co-amplified with a pair of human GAPDH
primers (Fig. 4, bottom). RT-PCR revealed hNIS gene
expression at low level in MCF-7 tumors derived from
untreated and atRA treated mice, which was significantly
increased ~5-fold in MCF-7 cell xenografts derived from

atRA/Dex H,0

NIS 483 bp

GAPDH 344 bp
control atRA

Fig. 4 Analysis of NIS RNA expression in MCF-7 xenografts by
PCR amplification. RT-PCR using a pair of hNIS-specific oligonu-
cleotide primers to amplify a 483 bp fragment of the hNIS DNA (zop)
revealed hNIS RNA expression at low level in MCF-7 tumors derived
from untreated and atRA treated mice, which was significantly
increased ~5-fold in MCF-7 cell xenografts derived from atRA/Dex
treated mice. To monitor cDNA integrity and quantity, samples were
co-amplified with a pair of GAPDH primers (bottom)
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atRA/Dex treated mice. Sequencing of the PCR products
revealed full identity with the published human thyroid-
derived NIS cDNA sequence [20].

In addition, using RT-PCR, gene expression of retinoic
acid receptors RARa, RARf5, and RARY as well as retinoid
x receptors RxRo, RxRf, and RxRy was demonstrated in
MCEF-7 xenografts (Fig. 5).

Todide uptake studies in vitro in HB-2 cells

The effect of Dex (10°°~10~" M) in the presence of atRA
(10*6 M) on iodide accumulation in MCF-7 and HB-2 cells
was examined by iodide uptake assay. In contrast to a
significant stimulation of iodide accumulation in MCF-7
cells after treatment with atRA/Dex, no perchlorate-sensi-
tive iodide uptake above background level was observed in
untreated HB-2 cells and in HB-2 cells treated with Dex or
atRA alone, which was not changed after combined treat-
ment with atRA/Dex (Fig. 6).

Analysis of NIS RNA expression in HB-2 cells by PCR
amplification

After incubation of HB-2 cells for 24 h with Dex (107" M)
in the absence or presence of atRA (10° M), NIS mRNA
levels were examined by RT-PCR using a pair of hNIS-
specific oligonucleotide primers to amplify a 483 bp frag-
ment of the hNIS DNA, that revealed no hNIS gene
expression in untreated HB-2 cells or in HB-2 cells treated
with atRA alone or atRA/Dex. In contrast, MCF-7 cells
stimulated with atRA/Dex revealed NIS gene expression as
detected by a single band of 483 bp. To monitor cDNA
integrity and quantity, samples were co-amplified with a
pair of GAPDH primers (data not shown).

Analysis of NIS protein expression in HB-2 cells
by Western blot analysis

After incubation of HB-2 cells for 24 h with Dex (10~ M)
in the presence or absence of atRA (10° M), NIS protein

MCF-7 H,0 MCF-7 H,0
234 bp- RARa  141bp RxRa

Fig. 5 Analysis of retinoid receptor RNA expression in MCF-7
xenografts by PCR amplification. RT-PCR of mRNA obtained from
untreated MCF-7 xenotransplants 8—12 weeks following transplanta-
tion revealed expression of retinoic acid receptors RARa, RARf, and
RARy as well retinoid x receptors RxRa, RxRf, and RxRy
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Fig. 6 Iodide uptake studies in vitro in HB-2 cells. Effect of Dex
(108107 M) in the presence of atRA (10°° M) on iodide
accumulation in MCF-7 and HB-2 cells. In contrast to significant
stimulation of iodide accumulation in MCF-7 cells after treatment
with atRA/Dex, no perchlorate-sensitive iodide uptake above
background level was observed in untreated HB-2 cells (control)
and in HB-2 cells treated with atRA alone or after combined atRA/
Dex treatment. Results have been normalized to living cells measured
by MTS cell viability assay, which directly correlates with number of
living cells. Results represent mean = SD of triplicate experiments,
and are expressed as amount of iodide accumulation in counts per
minute cpm/A490 nm

expression levels were examined in HB-2 cells by Western
blot analysis using a mouse monoclonal human NIS-
specific antibody. NIS protein was detected as a band of
~90 kDa in the positive control (MCF-7 cells treated with
atRA/Dex), while no NIS protein expression was detected
in untreated HB-2 cells and cells treated with atRA alone or
in combination with Dex (data not shown).

Discussion

Based on our encouraging in vitro data on stimulation of
atRA-induced NIS expression and iodide accumulation in
the estrogen-receptor positive human breast cancer cell line
MCEF-7 [14], the aim of the present study was to examine
the effect of treatment with atRA and Dex on NIS
expression and iodide accumulation in vivo in MCF-7
xenotransplants in CD1 nude mice. In our in vivo model
only the systemic combined treatment with atRA and Dex
was able to induce a significant amount of iodide accu-
mulation based on stimulation of NIS mRNA and protein
expression.

Cloning of the NIS gene in 1996 and its extensive
characterization has provided us with a powerful new
diagnostic and therapeutic gene, that allowed the devel-
opment of a promising cytoreductive gene therapy strategy
based on NIS gene transfer in extrathyroidal tumors [1, 19—
29]. In breast cancer Dwyer et al. used the tumor-specific
MUCT-promoter to target NIS expression to breast cancer
cells and demonstrated a 83% tumor volume reduction
after adenoviral NIS gene transfer into breast cancer
xenografts followed by '*'T application [30].

In contrast to exogenously induced extrathyroidal iodide
accumulation by NIS gene transfer, endogenous iodide
accumulation in breast tissue was first reported 50 years
ago [31] and was later discovered to be mediated by NIS
expressed in lactating mammary gland [4, 32-36]. While
normal mammary gland epithelial cells express NIS
physiologically only during late gestation and lactation,
Tazebay et al. were the first to demonstrate functional NIS
expression in experimental mammary adenocarcinomas in
transgenic mouse models. Furthermore, NIS protein
expression was detected in 20 of 23 (87%) invasive car-
cinomas and five of six (83%) ductal in situ carcinomas [4].
Long before the cloning of NIS and detection of NIS
expression in human breast it was known that breast atypia
and malignancy reveal increased radioiodine uptake and
that breast cancers can be detected by radioiodine/**™Tc
scintigraphy [37-39]. In support of these data, using
immunohistochemistry Rudnicka et al., were able to detect
NIS protein expression in 45 of 50 specimens of invasive
ductal breast carcinomas (90%) [7].

The high prevalence of NIS in human breast cancer and
the demonstration of functionally active NIS expression in
breast cancer tissue in transgenic breast cancer mouse
models suggest that endogenous mammary NIS expression
may offer the possibility of NIS-targeted radioiodide
imaging and therapy in breast cancer similar to its appli-
cation in thyroid cancer. Based on these data, a clinical trial
was performed by Nancy Carrasco’s group, in which 27
women with breast cancer metastases were scanned with
9mTc_pertechnetate or '*’I to assess functional NIS
activity in their metastases after thyroidal NIS expression
was down-regulated by application of T3 alone or in
combination with methimazole. However, only eight
tumors revealed NIS expression which resulted in radio-
nuclide accumulation in only two of the eight tumors [40].
Similarly, Moon et al. examined °°™Tc-pertechnetate
accumulation and NIS mRNA expression in 25 breast tu-
mors and found significantly increased **™Tc-pertechnetate
uptake in only four tumors, while all of the 25 tumors
revealed NIS mRNA expression [8]. These data strongly
suggest that stimulation of mammary NIS expression will
be necessary to maximize diagnostic and therapeutic
efficacy of NIS-mediated radioiodide accumulation in
breast cancer, similar to TSH stimulation of thyroidal NIS,
that is required for maximizing sensitivity and efficiency of
radioiodide application in diagnosis and therapy of thyroid
cancer.

Kogai et al. were the first to report stimulation of
functional NIS expression in the human breast cancer cell
line MCF-7 in vitro after administration of various retinoid
receptor ligands [9]. In a more recent study, the same group
was able to confirm induction of NIS mRNA and protein
expression after systemic treatment with atRA resulting in
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increased iodide accumulation in MCF-7 xenotransplant
tumors in SCID mice as well as in a transgenic breast
cancer mouse model (MMTV-PyVT) [10].

While the exact mechanisms that are responsible for
atRA-induced NIS expression are not known, Dentice et al.
identified the transcription factor Nkx-2.5, a potent inducer
of the NIS promoter, as a novel important transcriptional
regulator of mammary NIS that is involved in retinoic
acid-induced NIS expression in mammary gland [41].

In a recent study, we examined the effect of Dex on
the atRA-induced NIS expression and iodide accumulation
in MCF-7 cells in vitro and demonstrated a significant
stimulation of NIS mRNA and protein expression after
incubation with Dex in the presence of atRA resulting in a
three- to fourfold increase of iodide accumulation accom-
panied with a mild reduction of iodide efflux. Ultimately
these effects allowed a significantly stimulated therapeutic
effect of ' in a clonogenic assay [14]. Similar data
were reported by Kogai et al. [12] and Dohan et al. [13],
suggesting that combined treatment with atRA and Dex
may allow diagnostic and therapeutic application of
radioiodine in breast cancer in the future.

In view of these in vitro data, in the current study we
examined the efficacy of Dex stimulation of atRA-induced
NIS expression in vivo in MCF-7 xenotransplants in CD1
nude mice. While in our study, using a single dose and time
regimen for atRA and Dex, no functional NIS protein
expression could be detected in tumors of untreated mice or
mice treated with atRA or Dex alone, NIS mRNA and
protein expression was significantly enhanced in tumors
after 5 days of systemic treatment with atRA in combina-
tion with Dex. Moreover, NIS expression in atRA/Dex
treated tumors resulted in significant '**I accumulation
demonstrated by gamma camera imaging as well as ex vivo
gamma counting of dissected tumors, that revealed a
3.3-fold increase of iodide accumulation as compared to
control tumors and tumors treated with atRA only.
Although it has to be taken into consideration, that only
one dose and time regimen was used for atRA/Dex treat-
ment in our experiments, we were able to confirm our data
from the in vitro studies, that showed only mild induction
of functional NIS expression in MCF-7 cells after atRA-
treatment alone and pronounced stimulation of NIS
expression and iodide accumulation after combined atRA/
Dex treatment [14].

In contrast to our data, Kogai et al. demonstrated the
induction of NIS-mediated iodide accumulation in vivo in
MCEF-7 cell xenografts in SCID mice after treatment with
atRA only [10]. These differences between our and Kogai’s
data might be due to different strains of MCF-7 cells that
were used in our studies, and should be investigated in
further studies also addressing dose- and time-dependency
of atRA and Dex effects. Furthermore, Kogai et al. did not

@ Springer

observe any iodide accumulation in normal mammary
glands in their MCF-7 xenotransplant model in SCID mice
[10], while in our MCF-7 xenograft model in CD1 nude
mice we have detected iodide accumulation in normal
mammary glands in ~20% of the atRA-treated mice and
almost 75% of the atRA/Dex-treated mice. In our experi-
ments the estradiol-pellets that were implanted to enhance
growth of MCF-7 cells in vivo were removed 2 weeks
before atRA/Dex treatment and imaging studies, to rule out
estradiol-induced NIS expression in normal mammary
gland. Moreover, CD1 nude mice without any tumors and
without implantation of estradiol pellets were imaged after
treatment with atRA only or combined treatment with
atRA/Dex and also revealed iodide accumulation in their
normal mammary glands. This observation, that is dis-
crepant to the data of Kogai et al. and would hamper the
diagnostic and therapeutic potential of atRA/Dex-induced
NIS expression in breast cancer, might be mouse-specific
resulting from different regulation mechanisms of NIS
expression in normal mammary gland in the different
mouse models used in these studies. To address this issue
in the human situation, our preliminary experiments in a
human nontumorigenic mammary epithelial cell line HB-2
showed no induction of NIS expression or iodide accu-
mulation in vitro after incubation with atRA and/or Dex.
Possible differences in the transcriptional regulation of NIS
in these two cell lines (MCF-7 and HB-2) might be
responsible for this observation, and need to be addressed
in future studies.

A general concern in the course of therapeutic radio-
nuclide application is whether a selective tumor absorbed
dose can be achieved that is high enough to allow a ther-
apeutic effect. In our study ~2-5% of the total radioiodide
administered was accumulated by the breast cancer xeno-
grafts after treatment with atRA/Dex with a biological half
life of about 2-3 h. In one of our earlier studies on ade-
novirus mediated NIS gene transfer in prostate carcinoma
xenografts in vivo we were able to show that a tumor
radioiodine uptake of 20% with a biological half-life of
5.6 h is sufficient for an average tumor volume reduction of
85% after application of a therapeutic '*'I dose even in the
absence of iodide organification [25]. These data clearly
showed, that iodide organification, which does occur in the
mammary gland based on iodide oxidation by lactoperox-
idases and iodide binding to casein [5], but has not been
demonstrated in MCF-7 cells [9], is not an absolute pre-
requisite for effective radioiodine therapy. Whether the
level of atRA/Dex-induced endogenous NIS expression
and iodide accumulation in MCF-7 xenotransplants is high
enough to allow a therapeutic effect needs to be addressed
in further studies. The well known additional antiprolifer-
ative and radiosensitizing effects of retinoids in breast
cancer cells [42-45] as well as the bystander effect caused
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by the crossfire effect of f-particles emitted by *'T are able
to potentiate the therapeutic effect of B3I in vivo [46, 47).
Should limited iodide accumulating capacity and short
iodide retention limit therapeutic efficacy of '*'I in breast
cancer, the application of alternative radionuclides,
including the high energy a-emitter 2! Astatine (*''At) and
the potent f-emitter 188R henium (188Re), that are also
transported by NIS, can be considered for application
following atRA/Dex-mediated induction of endogenous
NIS expression in breast cancer due to their higher energy
and shorter half-life, thereby offering the possibility of
higher energy deposition in a shorter time period [48-53].
Stimulation of the tumor absorbed radiation dose and the
therapeutic effect of NIS-mediated radionuclide therapy
has already been demonstrated for '**Re in NIS-expressing
mammary adenocarcinomas in a transgenic mouse model
[48, 49, 51, 52].

In conclusion, in the current study we were able to
confirm our previous in vitro data and demonstrated that
Dex is capable of increasing atRA-induced endogenous
NIS expression levels, thereby significantly enhancing
iodide accumulation in MCF-7 breast cancer xenotrans-
plants. Therefore, based on the extensive experience with
radioiodine application in diagnosis and therapy of thyroid
cancer as the most effective targeted radiotherapy available
today, induction of NIS expression after combined treat-
ment with Dex and atRA may represent a powerful strategy
for breast-selective pharmacological modulation of func-
tional NIS expression in breast cancer in order to improve
the feasibility of using endogenous NIS expression in
breast cancer as novel target for selective radioiodine
imaging as well as therapy.
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