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The sodium/iodide symporter mediates active iodide transport in both healthy and cancerous
thyroid tissue. By exploiting this activity, radioiodide has been used for decades with consider-
able success in the detection and treatment of thyroid cancer. Here we show that a specialized
form of the sodium/iodide symporter in the mammary gland mediates active iodide transport in
healthy lactating (but not in nonlactating) mammary gland and in mammary tumors. In addition
to characterizing the hormonal regulation of the mammary gland sodium/iodide symporter, we
demonstrate by scintigraphy that mammary adenocarcinomas in transgenic mice bearing Ras or
Neu oncogenes actively accumulate iodide by this symporter in vivo. Moreover, more than 80%
of the human breast cancer samples we analyzed by immunohistochemistry expressed the sym-
porter, compared with none of the normal (nonlactating) samples from reductive mammoplas-
ties. These results indicate that the mammary gland sodium/iodide symporter may be an
essential breast cancer marker and that radioiodide should be studied as a possible option in the

diagnosis and treatment of breast cancer.

lodide, an essential constituent of the thyroid hormones T; and
T,, is accumulated in the thyroid by means of a highly special-
ized active iodide transport mechanism' catalyzed by the
sodium/iodide symporter (Na*/I- symporter, called NIS here), an
essential glycoprotein located in the basolateral plasma mem-
brane of the thyroid follicular cells®. NIS-catalyzed iodide accu-
mulation is a sodium-dependent active transport driven by the
sodium gradient maintained by the sodium/potassium ATPase.
NIS is predicted to contain 13 transmembrane segments with ex-
tracellular N and intracellular C termini** and a 2:1 sodium:io-
dide stoichiometry®.

Besides the thyroid, active iodide transport occurs in the lactat-
ing mammary gland, salivary glands and gastric mucosa’. lodide
concentrated in lactating mammary gland

and children who ingested **!I-contaminated milk subsequently
concentrated **!l in their thyroids through the thyroid NIS, ex-
posing the gland to tumorigenic doses of radiation®®*2.

The degree and pattern of iodide accumulation in the thyroid
are central factors in the differential diagnosis of thyroid nod-
ules. Moreover, radioactive iodide is used in the postoperative
management of differentiated thyroid carcinoma, ablating rem-
nant thyroid tissue and metastases®*®. A comparable approach
might be feasible in breast cancer if the mammary gland iodide
transporter were expressed in mammary tumors. Here we report
the identification of the protein that transports iodide in mam-
mary tissue, called the mammary gland NIS (mgNIS); the char-
acterization of several of its molecular and physiological

and secreted into milk is used by the nurs-

Table1 mgNIS expression in human breast cancer

ing newborn for the biosynthesis of thy-

roid hormones®’, which are essential for Breast histology Number of samples mgNIS-positive Estrogen-receptor-positive
proper development of the nervous sys- Normal breast
tem, skeletal muscle and lungs®®. The (reductive mammoplasty) 8 0 (0%) ND
mammary gland iodide transporter was Invasive carcinomas 23 20 (87%) 56%
the essential link in the chain of events Ductal carcinoma in situ 6 5(83%) ND
that led to a higher thyroid cancer inci- \oncancerousin
dence in the aftermath of the Chernobyl the V|c_|n|ty O.f tumor 13 3 (23%) ND
. ) X N Gestational tissues 3 3 (100%) ND
power plant accident. ™!l in radioactive
fallout was accumulated by cattle in milk, ND:notdetermined.
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properties; the functional expression of mgNIS in experimental
mammary adenocarcinomas in transgenic mice; and the high
incidence (80%) of mgNIS expression in human breast cancer.
Alternative strategies for the detection of micrometastatic
breast disease and for more-effective and targeted systemic ther-
apies are needed to improve survival in breast cancer, the lead-
ing cause of cancer deaths in women between the ages of 20 and
59 (ref. 14).

Fig. 2 mgNIS expression at different physiological

stages in murine mammary gland. a-c, Hematoxylin - 5

and eosin staining of nubile (a), lactating (b) and pre- jE" " f ﬁ_‘
viously lactating rat (¢) mammary glands. Original m S
magpnification, X30. d, Immunoblot analysis of mgNIS # ' -'."‘I

expression in mammary glands at different physiolog- ~

Fig.1 TPT accumulation and NIS expression in rat stomach and lactating
mammary gland. a and b, In vivo scintigraphic imaging (ventral projection)
of TPT-injected nubile (a) and lactating (b) rats. c, Static imaging to ascer-
tain perchlorate inhibition of TPT uptake. d, Immunoblot analysis with NIS-
specific antibody, with and without peptidyl N-glycosidase F digestion.
Tissues: Lanes 1-9, above blot; lanes 3, 6 and 9, membrane fractions
treated with cyanogen bromide (CNBr); lane 10, nonlactating mammary
gland; lane 11, muscle; lane 12, lung. Left margin, molecular sizes. e, f and
g, Immunohistochemical analysis of rat thyroid (e), lactating mammary
gland (f) and stomach tissues (g), using the NIS-specific antibody used in d
Original magnification, X200.

In vivo analysis of iodide accumulation in rat mammary tissue

To characterize the active accumulation of iodide in milk, we in-
traperitoneally injected lactating rats with '*1 and assessed the
time course of | transport in milk. The radioisotope was con-
centrated more than 6,000% in milk compared with its level in
blood, with saturation occurring at about 2 hours (data not
shown). I was also concentrated in lactating mammary gland,
but not in skeletal muscle from the same rat or in mammary
gland from a nonlactating rat. To assess tissue distribution of io-
dide in vivo, rats received "'l or technetium-pertechnetate (TPT)
for scintigraphic imaging. TPT, a y-emitting molecule actively
concentrated in the thyroid by NIS, offers the practical advantage
of a much shorter half-life (6 hours) than ***1 (half-life, 8 days; ref.
15). In nonlactating rats, we initially found the radioisotope
mainly in the stomach, and later (more than 30 minutes) in the
thyroid (Fig. 1a). In contrast, lactating rats rapidly concentrated
TPT (within 5 minutes) in all pairs of mammary glands (Fig. 1b).
Simultaneous injection of TPT with perchlorate, a potent in-
hibitor of active iodide transport’, into a lactating rat effectively
prevented TPT concentration in thyroid, stomach and lactating
mammary gland (Fig. 1c), showing that **I/TPT accumulation in
these tissues is specific and can be inhibited by perchlorate.

Identification of mammary gland NIS

A high-affinity, site-directed antibody against the C terminus of
NIS reacts with a rat thyroid NIS polypeptide of about 100 kilo-
daltons (kDa) (ref. 3; Fig. 1d, lane 1). The same antibody identi-
fied a single broad polypeptide of about 75 kDa, designated the
mgNIS, in mammary gland membranes of lactating rats (Fig. 1d,

ical stages: nubile rats (lane 1); lactating dams (lane a o - F i
2); and lactating dams after litter-weaning for 24 h

(lane 3), 48 h (lane 4) or 48 h, followed by re-establish-

ment of suckling for 24 h (lane 5). e, Immunoblot d e f

analysis of mgNIS expression in membrane fractions of TLELE L P ——

mammary gland tissue from mice at the third (3d), kg

eleventh (11d) and eighteenth (18d) days of gesta-
tion. Left margins (d and e), molecular sizes. f,
Radioiodide accumulation in mammary glands from
mice at the third (3d), eleventh (11d) and eighteenth
(18d) days of gestation. Data were standardized to the
weight of removed mammary gland from each mouse

87

48 —

)

. ™

4%
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Fig. 3 Effect of oxytocin on functional
mgNIS  expression in  nubile mice.
a, Immunoblot analysis of mammary glands
from hormonally treated mice. Left margin,
molecular sizes. b, Radioiodide transport in
mammary gland of oxytocin-treated nubile
mice. Data were standardized to the weight
of removed tissue and are expressed as ratio
of radioiodide in mammary gland tissue to 5
that in blood. c, Ex vivo scintigraphic imag- .-,\1\:’\ &
ing of TPT distribution in tissues from oxy-

tocin-treated nubile mice. d, Quantification

of TPT accumulation in various organs from oxytocin- or PBS-treated
mice. Scintigraphic images in ¢ were used to quantify TPT accumulation
in spleen, skeletal muscle, stomach or mammary glands. Total counts
were normalized by the weight of each organ (in counts per minute/mg
tissue) and standardized by dividing by the ratio of count to weight for
each mouse’s blood. TPT accumulation in the organs from PBS-treated
mice (O), oxytocin-treated mice (&), or oxytocin- treated mice after in-
jection of TPT plus perchlorate (W), presented as ratio of tissue to blood.
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e, Immunoblot analysis of mammary glands from ovariectomized nubile
mice treated for 3 consecutive days with hormones: PBS, lane 1; proges-
terone, lane 2; 17-B-estradiol, lane 3; 17-B-estradiol and progesterone,
lane 4; oxytocin, lane 5; oxytocin and 17-B-estradiol, lane 6; prolactin,
lane 7; oxytocin, prolactin and 17-B-estradiol, lane 8; progesterone to-
gether with oxytocin, prolactin and 17-B-estradiol, lane 9. Left margin,
molecular sizes. PRL, prolactin; OXY, oxytocin; MG, mammary gland;
PGS, progesterone; EST, 17-B-estradiol.

lane 4). In contrast, immunoreactivity was absent in nonlactat-
ing mammary gland (Fig. 1d, lane 10) and in membranes from
muscle and lung (Fig. 1d, lanes 11 and 12). Immunoreactivity
against both the approximately 75- and 100-kDa polypeptides
was competitively blocked by addition of the synthetic eliciting
peptide that contained the last 16 amino acids of NIS (data not
shown). We treated membrane fractions from thyroid and lactat-
ing mammary gland with peptidyl N-glycosidase F, an enzyme
that removes N-linked carbohydrates. In these conditions, NIS-
specific antibody recognized a polypeptide of about 50 kDa in
thyroid and lactating mammary gland (Fig. 1d, lanes 2 and 5, re-
spectively), with electrophoretic mobility identical to that of
nonglycosylated NIS in FRTL-5 cells (a highly functional thyroid
cell line) and to that of NIS expressed in Escherichia coli®.
Therefore, the immunoreactive polypeptides of about 75 kDa
and 50 kDa detected in lactating mammary gland are glycosy-
lated and nonglycosylated forms of mgNIS, respectively.
Accumulation of iodide in the stomach (Fig. 1a) is catalyzed by
a gastric form of NIS. A gastric protein of about 110 kDa detected
by the NIS-specific antibody (Fig. 1d, lane 7) was converted to
the band of about 50 kDa after deglycosylation (Fig. 1d, lane 8).
Methionine-specific cleavage of thyroid NIS, mammary gland
NIS and gastric NIS using cyanogen bromide indicates that NIS is
the same protein in each of these three tissues (Fig. 1d, lanes 3, 6
and 9). These results are consistent with the finding that the
cDNAs encoding the human thyroid and mammary NIS proteins
are identical®®. We undertook immunohistochemical analysis
using NIS-specific antibody on formalin-fixed, paraffin-embed-
ded tissue sections derived from rat thyroid, mammary gland

NATURE MEDICINE « VOLUME 6 = NUMBER 8 = AUGUST 2000

and stomach. Distinct basolateral plasma membrane reactivity
indicative of NIS localization was evident in the thyroid follicu-
lar cells (Fig. 1e), lactating mammary gland epithelial cells (Fig.
1f), and gastric mucosa cells, specifically superficial luminal and
neck cells (Fig. 1g).

Expression of mgNIS in various physiological stages

During gestation and lactation, the fatty stroma characteristic of
the nubile rat mammary gland (Fig. 2a) is replaced by
alveolar-ductal structures containing luminal secretions and ep-
ithelial cells with intracellular milk fat globules (Fig. 2b).
Weaning promotes rapid involutional changes such as alveolar
dilatation and flattening of the epithelium (Fig. 2c). We did im-
munoblot analysis on membrane fractions from mammary
gland tissue from nubile, lactating and previously lactating rats
(dams separated from their litters). mgNIS was absent in nubile
mammary gland (Fig. 2d, lane 1), but present in lactating mam-
mary gland (Fig. 2d, lane 2). At 24 hours after mice were weaned,
mgNIS expression was substantially decreased in previously lac-
tating mammary gland (Fig. 2d, lane 3), and by 48 hours, mgNIS
was not detectable (Fig. 2d, lane 4). mgNIS expression was in-
creased again after re-initiation of suckling (Fig. 2d, lane 5).

We investigated whether expression of mgNIS started in re-
sponse to suckling or during gestation (Fig. 2e). Expression of an
mgNIS protein of about 75 kDa was barely detectable at mid-ges-
tation (day 11; Fig. 2e), whereas towards the end of gestation,
there were higher levels of mgNIS expression and a substantial
increase in **I transport (day 18; Fig. 2e and f). These data indi-
cate that induction of mgNIS expression precedes suckling (Fig.
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Fig. 4  Analysis of mammary adenocarcinomas in MMTV-Ras and
MMTV-Neu transgenic mice. a, MMTV-Ras transgenic mouse with
a mammary adenocarcinoma. b-d, Lateral images obtained from
the MMTV-Ras mouse in a. g and h, Ventral images obtained in a
MMTV-Neu transgenic mice with two adjacent mammary glands
with visible tumors (photo not shown); arrows with numbers, loca-
tion of each tumor. Transgenic mice were injected with TPT (b and
g), TPT plus perchlorate (perch, ¢ and h) or *™Tc-HSA (d). e,
Dynamic curves of percent injected dose per pixel, calculated by C
drawing regions of interest around tumoral tissue and the medi-
astinum, and dividing counts per pixel within each region of inter-
est by initial whole-body (wb) count value. OJ, TPT; 4, TPT plus
perchlorate >, ®Tc-HSA. f and i, Immunoblot analysis of mem-
brane fractions isolated from MMTV-Ras (f) and MMTV-Neu (i) tu-

>

TPT

- m
A -

" TPT +perch. e HS A
mors. Lanes tul, tu2 and mg, proteins extracted from tumor 1,
tumor 2 and contralateral normal mammary gland, respectively.
Left margin, molecular size. j and k, Poorly differentiated adeno- e f ﬂ:,‘ | g

carcinoma tissue section (tul) shows intense immunoreactivity to
NIS-specific antibody (j) and in a parallel section with antibody
against HER-2/neu (k). I, Contralateral normal gland shows ductal
structure surrounded by fatty stroma and demonstrates no reactiv-
ity to HER-2/neu. Original magnification, X200.
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2e), and that suckling is essential for increased expression of
mgNIS after delivery (Fig. 2d).

Effects of hormones on mgNIS expression in intact mice

Both prolactin and oxytocin are released simultaneously in
response to suckling®*®. However, only oxytocin alone, but not
in combination with prolactin, induced mgNIS expression (Fig.
3a, lane OXY), leading to ***I transport in mammary gland
tissue (Fig. 3b). We administered a single dose of TPT with or
without perchlorate to oxytocin- or sham-treated (PBS) nubile
mice. Then, 30 minutes later, we surgically removed internal
organs, as intense signal from the stomach during imaging
interfered with that from the rudimentary mammary glands.
We measured (Fig. 3c) and quantified (Fig. 3d) TPT
accumulation in individual organs with a ‘pinhole gamma
camera’. As expected, accumulation of TPT in the stomachs of
both oxytocin- and sham-treated mice was substantially greater
than that in the spleens or limb skeletal muscles (Figs. 3c and d).
In contrast, perchlorate-inhibitable TPT accumulation in
mammary glands was substantially greater in oxytocin-treated
mice than in sham-treated mice (Fig. 3d). The ability of
oxytocin to induce functional mgNIS expression in the
relatively undeveloped and undifferentiated mammary gland of
nubile mice indicates that mgNIS synthesis can occur
independently of gestation- and lactation-related changes. The
antagonistic effect of prolactin on oxytocin action was
unexpected, because mgNIS is upregulated in response to
suckling, which stimulates the release of both hormones®”*2,

Effects of hormones on mgNIS expression in ovariectomized mice
We administered 17-f-estradiol, progesterone, oxytocin and pro-

lactin, both individually and in different combinations, to nu-
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bile ovariectomized adult mice and assessed mgNIS expression in
mammary tissue (Fig. 3e). Administration of oxytocin alone to
ovariectomized mice did not cause an increase in mgNIS expres-
sion (Fig. 3e, lane 5), in contrast to the effect of oxytocin in in-
tact mice (Fig. 3a). Of all the hormones tested individually, only
17-B-estradiol led to a clearly discernible increase in mgNIS ex-
pression (Fig. 3e, lane 3). Combined administration of 17-f3-estra-
diol and oxytocin resulted in slightly higher mgNIS expression
(Fig. 3e, lane 6) than did 17-B-estradiol alone (Fig. 3e, lane 3), in-
dicating that the upregulating effect of oxytocin on mgNIS ex-
pression may require estrogen.

The greatest increase in mgNIS expression occurred after ad-
ministration of 17-B-estradiol, oxytocin and prolactin together
(Fig. 3e, lane 8), indicating that prolactin does not antagonize
the upregulating effect of oxytocin on mgNIS expression; in fact,
prolactin actually enhances this effect when estrogen levels are
high. When progesterone was added to the 17-B-estradiol-oxy-
tocin—prolactin combination, mgNIS expression was substan-
tially decreased (Fig. 3e, lane 9). Conversely, a comparison of
mgNIS expression in mice treated with estrogen or estrogen plus
progesterone showed that progesterone did not interfere with
17-B-estradiol enhancement of mgNIS expression (Fig. 3e, lanes 3
and 4). In conclusion, the combination of estrogen, prolactin
and oxytocin (in the absence of progesterone) led to the highest
levels of mgNIS expression in ovariectomized mice. This combi-
nation of hormones closely resembles the relative hormonal lev-
els in mice and rats during lactation**®,

Fucntional expression of mgNIS in mice mammary tumors

Physiologically, mammary gland epithelial cells express mgNIS
only during late gestation and lactation, after the culmination of
intense glandular proliferation and differentiation. Therefore, it

NATURE MEDICINE « VOLUME 6 = NUMBER 8 = AUGUST 2000
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Fig. 5 NIS expression in human salivary gland and breast tissues.
a, Paraffin section of salivary gland treated with polyclonal Ct-2 an-
tibody. b, Normal breast tissue section without staining when
treated with polyclonal Ct-2 antibody. ¢, Gestational breast tissue
with characteristic adenomatous-lactational changes occurring in
the latter half of pregnancy demonstrates mgNIS expression in ep-
ithelial cells. d—f, Invasive ductal carcinoma of the breast. d mgNIS
expression detected with polyclonal Ct-2 antibody. e, Competitive
inhibition of immunoreactivity with corresponding peptide. f,
Parallel section treated with monoclonal antibody against NIS
shows identical distribution of immunoreactivity to that in d. g,
Normal ductal-lobular units in the vicinity of breast cancer in d-f,
assessed with monoclonal antibody against NIS. h, Higher magnifi-
cation of another invasive ductal carcinoma, showing focal areas of
immunoreactivity with a very distinct intracellular staining pattern.
i, Ductal carcinoma in situ features intraductal comedonecrosis and
intense immunoreactivity (more than 95%) of malignant cells with
monoclonal antibody against NIS. Original magnifications, X100
(aand b), X80 (c), X16 (d-f), X40 (g), X160 (h) and X66 (i).

seems plausible that mgNIS could be expressed in cancer, as it
also involves a proliferative process, albeit abnormal. We as-
sessed functional expression of mgNIS in mammary tumors of
two female transgenic mice, one with an activated Ras onco-
gene, and the other overexpressing the Neu oncogene (Genome
DataBase designations, c-Ha-ras and c-erbB-2, respectively). Both
genes were under the transcriptional control of the mouse mam-
mary tumor virus (MMTV) promoter/enhancer®®. The Ras
oncogene encodes a cytoplasmic GTPase, the Neu oncogene (also
called c-erbB-2 or Her2/neu in humans) encodes a tyrosine ki-
nase receptor, which is amplified and overexpressed in as many
as 30% of human breast cancers %',

Using scintigraphic imaging, we demonstrated specific active
TPT transport in adenocarcinomas in both mice (Fig. 4).
Injected TPT accumulated in the stomach and tumor (Fig. 4b,
MMTV-Ras, and g, MMTV-Neu). TPT accumulation was pre-
vented when the isotope was co-injected with perchlorate (Fig.
4c, MMTV-Ras, and h, MMTV-Neu), showing that the accumu-
lation in the tumor and stomach was specifically mediated by
NIS. Injection of *"Tc-labeled human serum albumin (*™Tc-
HSA), a vascular space marker, proved that accumulation of
TPT in the adenocarcinoma was not due to tumor blood pool-
ing (Fig. 4d). Quantification of data shown for the Ras mouse
(Fig. 4e) confirmed both the absence of TPT tumoral accumula-
tion when co-injected with perchlorate and the lack of accu-
mulation of *"Tc-HAS (Fig. 4e). We also demonstrated mgNIS
expression by immunoblot analysis in both Ras (Fig. 4f) and
Neu (Fig. 4i, lane tul) tumors, showing that iodide transport re-
sults from mgNIS expression. Contralateral nontumoral mam-
mary glands from the same MMTV-Neu mouse showed no
mgNIS expression (Fig. 4i), indicating that the factors leading
to the expression and activation of mgNIS in mammary gland
tumors were not functional in Neu mouse nontumoral mam-
mary glands. We found no TPT transport activity on imaging
and no mgNIS expression on immunoblots in a second carci-
noma in the same MMTV-Neu mouse (Fig. 4i, lane tu2).
Immunohistochemically, there was no Neu expression in nor-
mal glands, whereas it was distinctly detectable in the adeno-
carcinoma that expressed mgNIS (Fig. 4j and k) and only
minimally (about 5%) in the tumor that did not express mgNIS
(data not shown). These observations indicate that tracer up-
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take in these tumors correlates with mgNIS expression in the
same tumors. Although it is possible that radioiodide uptake in
these adenocarcinomas was lower (on a per-cell basis) than in
healthy lactating mammary gland, uptake was still sufficiently
large to make it distinctly detectable by scintigraphy.

Expression of mgNIS in human breast cancer

We examined human breast tissue specimens for mgNIS expres-
sion, including 8 normal specimens from reductive mammoplas-
ties, 29 malignant specimens (23 invasive carcinomas and 6
ductal carcinomas in situ), 13 extratumoral specimens from tissue
in the vicinity of the tumors, and 3 biopsies from pregnant
women with breast nodules (Table 1). We studied the specimens
by immunohistochemical analysis using two polyclonal antibod-
ies (Ct-1 and Ct-2) and one monoclonal NIS-specific antibody
(Fig. 5). We used antibodies against cytokeratin in parallel sec-
tions to distinguish breast epithelial cells from other stromal cell
populations (data not shown). We rated sections by the intensity
of the immunoperoxidase reaction on a scale of 0 to 4+, and con-
sidered samples to be positive for mgNIS expression if they had 2+
to 4+ staining in 20% or more of their epithelial cells.

We found that 87% of the 23 invasive carcinomas (Fig. 5d, f
and h) and 83% of the 6 ductal carcinomas in situ (Fig. 5i) ex-
pressed mgNIS, compared with only 23% of the 13 noncancer-
ous samples adjacent to or in the vicinity of the tumors (Fig.
5g). In addition, none of the eight normal samples from reduc-
tive mammoplasties expressed mgNIS (Fig. 5b). We detected
both plasma membrane and intracellular staining in some ma-
lignant breast cells (Fig. 5d, f, h and i), in contrast to the dis-
tinct basolateral plasma membrane staining of rat lactating
mammary gland tissues (Fig. 1f) and control salivary gland sec-
tions (Fig. 5a). Only 23% of extratumoral specimens showed
staining (Fig. 5g), which was always less intense than that in
malignant tissue (Fig. 5d, f, h and i). All three gestational biop-
sies showed characteristic adenomatous-lactational changes
and were clearly mgNIS-positive (Fig. 5c). In conclusion, more
than 80% of the breast cancer specimens analyzed expressed
mgNIS, in contrast to no expression in normal tissues from re-
ductive mammoplasties, indicating that mgNIS is upregulated
with a high frequency during malignant transformation in
human breast.
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Discussion

Here we have reported the identification of the mgNIS protein
and demonstrate that mgNIS catalyzes iodide accumulation in
lactating mammary gland. mgNIS is present exclusively in the
mammary gland during gestation and lactation (Fig. 2), in con-
trast to the constitutive expression of NIS in the thyroid (Fig. 1).
Hormonal regulation experiments showed that a threshold level
of circulating estrogens seemed to be necessary for optimal
mgNIS expression overall, and in particular for the upregulation
of mgNIS by oxytocin (Fig. 3). The cooperative function of estro-
gens in the effect of oxytocin on mgNIS may be explained by the
likelihood that oxytocin receptor mRNA is upregulated by estro-
gen in the breast, as it is in the hypothalamus and uterus®.
Additionally, estrogen may have a direct effect on mgNIS tran-
scription, as the NIS promoter contains several half-site estro-
gen-responsive elements®.

The antagonistic effect of prolactin on the oxytocin-induced
increase of mgNIS expression may be due to the reported in-
hibitory effect of prolactin on steroidogenesis®**%. In intact,
nongestational, nonlactating animals, exogenous prolactin
would cause endogenous estrogen levels, which are lower than
those in gestational or lactating animals, to decrease below the
threshold, preventing concomitantly administered oxytocin
from stimulating mgNIS expression. Conversely, in ovariec-
tomized mice that received a high amount of exogenous estro-
gen, this antagonistic effect of prolactin co-administered with
oxytocin did not occur; in fact, prolactin led to higher mgNIS
expression (Fig. 3e, lane 8). This indicates that in the presence
of high levels of estrogen, prolactin may have a separate direct
or indirect stimulatory effect on mgNIS expression by an as yet
unknown mechanism. The concentration of endogenous pro-
lactin in intact animals, even during lactation, is considerably
lower (about 1.2 pg/ml) than that used experimentally (300
ug/injection; ref. 34). Therefore, during lactation, estrogens
would remain above the necessary threshold for oxytocin to
stimulate mgNIS expression and for prolactin to enhance,
rather than antagonize, this effect. Given the involvement of
oxytocin in the increase of mgNIS expression, it is likely that
the ability of progesterone to inhibit the combined stimulatory
effect of 17-B-estradiol, oxytocin and prolactin on mgNIS ex-
pression may involve a direct inhibition of oxytocin receptor
signaling by competitive binding of progesterone to the oxy-
tocin receptor in the breast, similar to progesterone’s effect in
the uterus®*®.

In vivo scintigraphic imaging of experimental mammary ade-
nocarcinomas in nongestational and nonlactating female trans-
genic mice carrying either an activated Ras oncogene or
overexpressing the Neu oncogene demonstrated pronounced, ac-
tive, specific mgNIS activity that can be inhibited by perchlorate.
Because these tumors are estrogen-receptor negative (data not
shown), these observations indicate that mgNIS expression may
also be induced by nonhormonal factors involved in the malig-
nant transformation of mammary epithelial cells. The potential
diagnostic value of the high prevalence of mgNIS expression
(more than 80%) in human breast cancer (mgNIS was almost ab-
sent in normal tissue) becomes very apparent compared with the
prevalence of the main current breast cancer marker Her2/neu
(33%). Furthermore, that mgNIS-positive tumors from transgenic
mice show active iodide transport indicates that radioiodide may
be a possible alternative therapeutic modality in breast cancer.

The effectiveness of radioiodide therapy in treating thyroid
cancer relies on the capacity of malignant thyroid cells to retain
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sufficient iodide transport activity to accumulate the isotope,
even though this activity is relatively decreased as a result of ma-
lignant transformation compared with that of healthy thyroid
cells. In contrast, the potential effectiveness of radioiodide ther-
apy in breast cancer depends on whether mgNIS becomes func-
tionally expressed in malignant mammary cells, given that it is
only functionally expressed in healthy cells during pregnancy
and lactation. It has generally been assumed, but has never been
unequivocally proven, that iodide ‘organification’ (iodination of
some tyrosyl residues of thyroglobulinz) occurs in thyroid cancer
metastases. However, it is not clear that iodide organification in
these metastases, even if it is present, actually increases the time
of exposure of malignant cells to the radioisotope, considering
the absence of follicular architecture®. More likely, the lack of an
enclosed colloid compartment results in the release of organified
iodide at a rate conceivably similar to that prevailing in the ab-
sence of iodide organification®, whereas some thyroid metastases
are devoid of iodide organification®. In addition, radioiodide
therapy has been very successful in experimental prostate cancer
in vitro and in vivo after tissue-specific expression of NIS (J.C.
Morris, personal communication). Because there is no iodide or-
ganification in this system, this report indicates that radioiodide
therapy can be effective in iodide-transporting, non-iodide-or-
ganifying tissues, a description that may apply to breast cancer
tissue. Moreover, as thyroid NIS and mgNIS are regulated differ-
ently, it would be possible to protect the thyroid in the event of
radioiodide administration to breast cancer patients. Thyroid
suppression with exogenous T; leads to inhibition of TSH release
and concomitant downregulation of thyroid NIS (ref. 3).

The most direct way to determine the activity of mgNIS in
breast cancer is to subject patients to scintigraphic evaluation
with TPT. A few preliminary reports using such an approach indi-
cate that mgNIS is active in breast cancer®. However, when these
studies were done, no specific uptake of the tracer in the tumors
by NIS could have been expected or thoroughly analyzed.
Therefore, the observed uptake was mistakenly considered ‘non-
specific’. More recently, a patient undergoing neoadjuvant hor-
monal therapy for locally advanced breast cancer, who initially
presented with an enlarged thyroid, underwent whole-body TPT
scanning for thyroid evaluation. Definite evidence of tracer con-
centration in the area of the patient’s breast invasive ductal carci-
noma was found in the scintigraphic image. This meaningful
(albeit preliminary) finding supports the idea that radioiodide
therapy may be effective as an adjuvant to surgical treatment of
primary breast cancer and/or systemic metastatic disease. An ex-
tensive separate study of scintigraphic TPT uptake in breast can-
cer patients may prove valuable and informative. The evidence
presented here is an argument in favor of doing extensive studies
to determine whether radioiodide may be an effective new option
in the diagnosis and treatment of breast cancer.

Methods

Generation of site-directed antibodies. The following peptides corre-
sponding to C-terminal sequences of the human NIS protein“® were syn-
thesized by solid phase synthesis** and used to generate polyclonal human
NIS-specific antibodies Ct-1 and Ct-2, respectively: peptide P-857 (KELE-
GAGSWTPCVGHD) corresponds to residues 618-633, and peptide P-858
(GHDGGRDQQETNL) corresponds to residues 631-643. Polyclonal anti-
bodies were generated and purified as described®. Peptide NEDLLF-
FLGQKELE, corresponding to residues 598-621, was used to generate the
site-directed monoclonal antibody. Antibody against rat NIS protein® was
used for immunological analysis of rodent tissues. Antibody against
Her2/neu was purchased from DAKO (Carpenteria, California).
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Nuclear imaging. Imaging was conducted using a scintigraphic gamma-
camera system (Dyna Camera 4C; Picker International, Highland Heights,
Ohio) with a pinhole collimator interfaced to a Macintosh computer-based
nuclear medicine imaging system (NucLear MAC 3.01; Scientific Imaging,
Littleton, Colorado). Appropriate energy peaks with 20% windows were
used. Animals were anaesthetized with sodium pentobarbital.
Technetium-pertechnetate (TPT (**"TcO,); Syncor International, Bronx,
New York) was diluted in 0.9 N sodium chloride to a specific activity of 1.5
mCi in 0.2 ml volume, and injected into the tail vein before the mice were
placed under the collimator. Human serum albumin was labeled with *™Tc
by a modification of the protocol from a commercially available radiophar-
maceutical kit (Technetium HSA Multidose; Amersham, Piscataway, New
Jersey). Contents were dissolved in 0.5 ml sterile water and labeled by addi-
tion of 30 mCi TPT in a volume of 0.5 ml saline. After 20 min incubation, an
0.5-ml aliquot of the reaction mixture was placed on a size-exclusion col-
umn (Sephadex G-25 M column; Pharmacia Biotech, Piscataway, New
Jersey) and eluted by stepwise addition of 0.5 ml PBS. Radiochemical puri-
ties of the initial kit product and purified peak fraction were 89% and
98.5%, respectively, as determined by instant thin-layer chromatography
on ITLC-SG paper (Gelman Instrument, Ann Arbor, Michigan) using 85%
methanol as solvent. *"Tc-HSA (1.5 mCi) was administered in a volume of
0.2 ml. Perchlorate was administered in 0.2 ml PBS at concentrations of 20
mg and 2 mg to rats and mice, respectively. Consecutive studies in previ-
ously lactating rats or transgenic mice were separated by 2 days (eight half-
lives) to avoid interference between examinations.

Immunohistochemical analysis. Sections (5 um) were deparaffinated and
rehydrated. All slides were subjected to antigen retrieval using 10% citrate
buffer (DAKO, Carpinteria, California). Samples were washed for 5 min in
Tween-supplemented Tris-buffered soultion (0.3M sodium chloride, 0.1%
Tween 20 and 0.05 M Tris-HCI, pH 7.6). Endogenous biotin activity was
blocked with DAKO Biotin Blocking System (Carpenteria, California). The
Catalyzed Signal Amplification kit (DAKO, Carpenteria, California) was
used for the remainder of the procedure, according to supplier’s instruc-
tions. Slides were incubated for 15 min with antibody against rat NIS, Ct-1
or Ct-2, or monoclonal primary antibodies. The initial concentrations of
polyclonal and monoclonal antibodies were 1 pg/ul and 0.5 pg/ul, respec-
tively. These were diluted in the provided blocking solution to a concen-
tration of 1:500 (rat tissues), 1:600 (human salivary gland and breast,
polyclonal antibodies), 1:750 (human thyroid, polyclonal antibodies) or
1:100 (human tissues, monoclonal antibody). Immunoreactivity was com-
petitively inhibited in the presence of 0.7 uM corresponding synthetic
peptides used to generate antibodies. Nonspecific immunoreactivity was
evaluated with unrelated rabbit and mouse immunoglobulins (DAKO,
Carpenteria, California). CAM 5.2 antibody against low-molecular-weight
keratins 8 and 18 (Becton Dickinson, San Jose, California) was used to
identify epithelial cells. All slides were counterstained with toluidine blue.
Immunoreactivity was analyzed by light microscopy and graded on a scale
of 0-4+. Tissues were judged positive for NIS expression when at least 20%
or more of the cells had scores of 2+.

Hormonal treatment of animals. Either ovariectomized or intact
CD1(ICR)IBR mice 8-10 weeks old (Charles River Laboratories, Wilmington,
Massachusetts) were treated once a day with subcutaneous injections of 1
international units (IU) oxytocin (a-hypophamine), 10 IU prolactin, 1 pg
17-B-estradiol (1,3,5[10]-estratriene-3,17B-diol), or 1 IU progesterone (4-
pregnene-3,20-dione) for 3 consecutive days, either individually or in the
indicated combinations. All hormones were purchased from Sigma.
Hormones were dissolved following the manufacturer’s protocol and were
injected in a volume of 200 pl sterile PBS, or, for progesterone (10 mg/ml),
in 100 pl sesame oil. Control animals, which were sham-treated with
sesame oil, were systematically included in experiments when progesterone
was administered. A last injection was administered on the fourth day.
Animals were killed 2 h later, followed by extirpation of mammary glands.
At least three identically treated animals were analyzed in each case.

In vivo transport studies. **I (1 uCi at 100 mCi/ml; Amersham-Pharmacia,
Piscataway, New Jersey) was added to 100 ul PBS and intraperitonally ad-
ministered to hormonally treated animals. Then, 1 h later, animals were
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killed and organs were placed in pre-weighted microfuge tubes.
Approximately 500 pl blood was also obtained from the inferior vena cava
of each animal. Tubes were weighted and counted in a y-counter (LKB-
Wallac, Gaithersburg, Maryland). Radioactivity accumulated in each organ
was determined as counts per minute/mg tissue, standardized with ra-
dioactivity detected per mg blood, and expressed as the ratio of counts per
minute detected in the organ of interest versus blood. Data were obtained
from the analysis of at least three animals in each experiment.

Tissue retrieval and immunoblot analysis. Sprague-Dawley female rats
(more than 8 weeks old) at different physiological stages, and hormonally-
treated CD1(ICR)BR female mice were killed in a carbon dioxide chamber
before excision of thoracic, abdominal and inguinal mammary glands.
Organs removed from mice or rats were blended for 1 min with a polytron
homogenizer (Brinkmann Instruments, Westbury, New York), and homoge-
nized with a stirrer-type glass-Teflon homogenizer (Caframo-Wiarton,
Ontario, Canada). Membrane fractions were prepared as described®.
Samples were diluted 1:2 with loading buffer and heated at 37 °C for 30
min before being separated by SDS-PAGE, followed by electroblotting to
nitrocellulose®. Immunoblot analyses used 40 ug membrane protein per
lane, 0.2 pg/ml affinity-purified NIS-specific antibody® and horseradish-per-
oxidase-linked, rabbit-specific donkey 1gG diluted 1:1,500 (Amersham-
Pharmacia, Piscataway, New Jersey).

Peptidyl N-glycosidase F treatment. Membranes (40 pg) were resus-
pended in 10 pl 0.5 M Tris-HCI (pH 8.0), and 18 pl water was added with ei-
ther 3 pl (600 milliunits) peptidyl N-glycosidase F (Boehringer Mannheim,
Indianapolis, Indiana) or 2 pl 50% glycerol. Membranes were incubated
overnight (18 h) at 37 °C, then diluted 1:2 with loading buffer (15 ul) and
incubated at 37 °C for 30 min before electrophoresis®.

Cyanogen bromide treatment. Pieces of nitrocellulose containing the cor-
responding immunoreactive NIS species were excised and cut into smaller
pieces about 1 mm x 2 mm in size, and were incubated for 1 h in the dark at
room temperature with 300 pl cyanogen bromide (about 300 mg/ml) in
70% formic acid. Samples were centrifuged to pellet nitrocellulose pieces;
the formic acid containing the released digested peptides was lyophilized in
a Speed-Vac at medium heat for about 1 h. Dried peptides were resus-
pended in 75 pl water and lyophilized again, followed by resuspension in
30 pl sample buffer. Samples were neutralized with a small volume (< 5 pl)
of 100 mM Tris, pH 9.1, before being separated by 15% SDS-PAGE.
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