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idase (TPO) and incorporation into tyrosyl residues along
the thyroglobulin (Tg) backbone. The thyroid hormones
T3 and T4 are synthesized by coupling of two iodotyro-
sine residues and stored in the colloid. All of these steps
are stimulated by pituitary-derived thyroid stimulating
hormone (TSH), which interacts with the TSH receptor
at the basolateral membrane of thyroidal cells, through
the cAMP pathway (Figure 1)1.

In addition to its key role in thyroid physiology, NIS
and NIS-mediated iodide accumulation in the thyroid
gland represent crucial prerequisites for diagnostic scin-
tigraphic imaging as well as for the highly efficient radi-
oiodine therapy of benign and malignant thyroid diseas-
es. Cloning of the NIS gene in 1996 by N. Carrasco's
group2 represented a major breakthrough in the study of
thyroidal iodide transport, and allowed investigation of
NIS-related thyroid disorders, including autoimmune
thyroid disease and NIS gene mutations, as well as pos-
sible therapeutic applications of NIS, which will be sum-
marized in the present article.

Molecular characterization and regulation of
NIS

Cloning and sequencing of the rat sodium iodide sym-
porter (rNIS) from a Fisher rat thyroid line (FRTL-5)-
derived cDNA library2 revealed a protein of 618 amino
acids which is highly homologous (87% identity) to the
subsequently cloned human sodium iodide symporter
(hNIS)3. The human NIS gene is localized on chromo-
some 19p12-13.2 and encodes a glycoprotein of 643 ami-
no acids with a molecular mass of approximately 70-90
kDa. The coding region of hNIS contains 15 exons inter-
rupted by 14 introns and codes for a 3.9 kb mRNA9. As a
member of the sodium-dependent transporter family,
NIS represents an intrinsic membrane protein with 13

INTRODUCTION

Active transport of iodide into the thyroid gland is a
crucial and rate-limiting step in the biosynthesis of thy-
roid hormones which play an important role in the me-
tabolism, growth and maturation of a variety of organ
systems, in particular the nervous system1. Although, io-
dide transport into the thyroid gland has been known
for decades to be mediated by a specific sodium-depend-
ent iodide transporter located at the basolateral mem-
brane of thyroid follicular cells, the sodium iodide sym-
porter (NIS) gene was cloned only five years ago2,3. NIS
co-transports two sodium ions along with one iodide ion,
with the transmembrane sodium gradient serving as the
driving force for iodide uptake. This sodium gradient,
providing the energy for this transfer, is generated by the
ouabain-sensitive Na+/K+-ATPase. NIS-mediated io-
dide transport is therefore inhibited by the Na+/K+-
ATPase inhibitor ouabain as well as by the competitive
inhibitors thiocyanate and perchlorate1. Following active
transport across the basolateral membrane, iodide is
translocated across the apical membrane by pendrin, the
PDS gene product, which is a chloride/iodide transport-
er4-8 (Figure 1). Iodide is then organified in a complex
reaction including oxidation catalyzed by thyroid perox-
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Figure 1. Schematic illustration of a thyroid follicular cell showing
the key aspects of thyroid iodine transport and thyroid hormone
synthesis. TSHR= TSH - receptor, NIS = sodium iodide
symporter, TPO = thyroid peroxidase, Tg = thyroglobulin, T3 =
triiodothyronine, T4 = thyroxine.

stimulatory effect on both iodide transport activity as well
as NIS gene and protein expression, suggesting that TSH
regulates NIS expression through the cAMP signal trans-
duction pathway11. A more recent study by C. Riedel et
al. showed that TSH not only stimulates NIS transcrip-
tion and biosynthesis, but also includes evidence for post-
transcriptional regulation of NIS function by TSH. The
authors show for the first time that NIS is a phosphopro-
tein whose phosphorylation pattern is regulated by
TSH15. They further demonstrate that TSH is required
for targeting of NIS to the plasma membrane. In the
absence of TSH NIS is redistributed from the plasma
membrane to intracellular compartments, and therefore
loses its ability to transport iodide across the plasma
membrane15.

Furthermore, adenosine, which acts as an autocrine
factor in FRTL-5 cells and potentiates TSH-induced
H2O2 production, an essential step for thyroid hormone
synthesis, has been reported to stimulate NIS mRNA and
protein expression, as well as iodide transport, in FRTL-
5 cells16 (Figure 1).

In addition to agents stimulating NIS expression and
function, several inhibitors of NIS expression have been
identified (Figure 1). Transforming growth factor-1â, a
potent inhibitor of growth and DNA synthesis in thyroid
cells, has been found to suppress TSH-induced NIS
mRNA and protein levels, as well as TSH-stimulated
iodide uptake activity in FRTL-5 cells17. Further, cera-
mide and sphingomyelinase, which play important roles
in the nonthyroidal illness syndrome and in age-associ-
ated hypothyroidism, have been shown to downregulate
NIS mRNA expression in FRTL-5 cells18. Moreover,
TNF-á, IFNã and IL-1á inhibited NIS mRNA expres-
sion and iodide uptake activity in FRTL-5 and human
thyroid cells18-21. IL-1â and IL-6 decreased NIS mRNA
expression in FRTL-5 cells, with IL-1â also having an
inhibitory effect on iodide accumulating activity21. Thus,
suppression of NIS gene expression and function by cer-
tain cytokines may be responsible, at least in part, for
development of hypothyroidism and impaired radioiod-
ine uptake by thyroid tissue in autoimmune hypothy-
roidism, especially in the early stages of Hashimoto's
thyroiditis.

Exposure to T3 and dexamethasone suppressed io-
dide accumulation, and expression of NIS mRNA and
protein in FRTL-5 cells21. If this in vitro effect of dexam-
ethasone can be confirmed in vivo, it might, at least in
part, explain the therapeutic benefit of corticosteroids
in the treatment of amiodarone-induced thyroiditis type
II, which involves iodine-induced damage to thyroid fol-

Figure 2. Schematic model of the human sodium iodide symporter
representing an intrinsic membrane protein with 13 transmembrane
domains.

putative transmembrane domains, an extracellular ami-
no-terminus and an intracellular carboxyl-terminus (Fig-
ure 2). The NIS protein has three potential N-linked gly-
cosylation sites, one being located in the fourth and two
are in the last extracellular loop10.

Pituitary-derived TSH had been known for decades
to stimulate iodide transport into the thyroid gland via
the adenylate cyclase cAMP pathway1. After cloning of
NIS, several studies in vivo in rats as well as in vitro in
FRTL-5 cells and cultured human thyroid cells showed
that treatment with TSH stimulates iodide transport ac-
tivity, as well as NIS gene and protein expression11-14.
Forskolin and (Bu)2cAMP are capable of mimicking this
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port as well as NIS gene and protein expression in thy-
roid follicular cells by TSH through activation of the
cAMP pathway, increased levels of NIS mRNA and pro-
tein in Graves' thyroid tissue are considered to reflect
increased cAMP accumulation induced by elevated lev-
els of TSH-receptor stimulating antibodies in Graves'
disease12. The pattern of NIS protein expression in au-
toimmune thyroiditis has been shown to be similar to
normal thyroid tissue with strongest NIS expression in
cells close to lymphocytic infiltrates, perhaps supporting
the concept of NIS as an autoantigen that may attract
cytotoxic lymphocytes during the evolution of autoim-
mune thyroiditis28. Toxic multinodular goiters also reveal
heterogenous NIS protein expression which appears to
be stronger than in normal thyroid gland28. Further, NIS
mRNA levels have been shown to be low in nontoxic
multinodular goiter and diffuse iodine deficiency goit-
er33. While NIS mRNA and protein expression levels are
increased in autonomously functioning thyroid nodules
with increased radioiodine uptake, they are decreased
in cold thyroid nodules with low or absent radioiodine
uptake33. In addition, using a quantitative RT-PCR as-
say, NIS mRNA levels have been demonstrated to be
correlated with TTF-1 and Pax-8 gene expression in
Graves' disease and, to a lesser degree, in autonomously
functioning thyroid nodules, nontoxic multinodular goit-
er and diffuse iodine deficiency goiter33. Increased thy-
roidal NIS expression levels and iodide accumulation
activity in Graves' disease and autonomously function-
ing thyroid nodules allows effective therapeutic applica-
tion of radioiodine in these benign thyroid disorders.

Thyroidal NIS expression further opens the door to
effective thyroid cancer therapy given the accumulation
of sufficient amounts of radioiodine in the tumor34,35.
Since cloning of the NIS gene, many studies have inves-
tigated the molecular mechanisms underlying decreased
levels of radioiodine accumulation in thyroid cancer tis-
sues and their metastases that limit the therapeutic effi-
cacy of 131I. Smanik et al. reported a much lower level of
NIS mRNA expression in thyroid carcinoma tissues (2
papillary, 1 follicular, 1 anaplastic) compared to normal
thyroid tissue using Northern blot analysis. Using RT-
PCR the same authors found variable levels of NIS ex-
pression in a panel of different papillary carcinoma tis-
sues which is consistent with the clinical observation of
variable response of papillary carcinoma to radioiodine
treatment9. Further, using RT-PCR no NIS mRNA ex-
pression was detected in five different human thyroid
carcinoma cell lines that have lost iodide uptake activi-
ty3. In another series of thyroid carcinomas (19 papil-
lary, 5 follicular, 2 anaplastic) Arturi et al. used RT-PCR

licles21. Physiologic concentrations of Tg suppress TSH-
induced NIS promoter activity, NIS protein and mRNA
levels in vitro, as well as iodide uptake activity in vitro
and in vivo. Tg-mediated suppression of NIS expression
may represent a negative feedback autoregulatory mech-
anism that counterbalances TSH stimulation of follicu-
lar function22. Recently, estradiol has been shown to in-
crease proliferation and decrease NIS mRNA expres-
sion in FRTL-5 cells, suggesting that downregulation of
NIS expression and function by estradiol may contribute
to the higher prevalence of goiter in women23 (Figure 1).

Cloning of NIS allowed investigation of its role in the
escape from the acute Wolff-Chaikoff effect. Organic
binding of iodide within the thyroid gland was reported
to be blocked in the presence of elevated plasma iodide
levels by Wolff and Chaikoff in 194824. This acute Wolff-
Chaikoff effect was demonstrated to be transient, as the
thyroid gland adapted to prolonged iodide excess, re-
suming near-normal hormone synthesis, which is known
as the escape from the acute Wolff-Chaikoff effect25. In
addition, low doses of potassium iodide resulted in de-
creased cell proliferation and diminished TPO and NIS
mRNA expression in hyperplastic dog thyroid glands
treated with goitrogens and deprived of iodide, whereas
Tg and TSHR mRNA expression was not altered26. Po-
tassium iodide treatment also suppressed NIS mRNA
levels and iodide accumulating activity in FRTL-5 cells21.
In support of these data, a recent study in rats showed
suppression of thyroidal NIS mRNA and protein levels
after iodide administration in vivo27. Collectively, these
data suggest that the escape from the acute Wolff-
Chaikoff effect is caused by down-regulation of NIS, re-
sulting in decreased levels of intrathyroidal iodine, there-
by allowing iodide organification to resume (Figure 1).

Expression of the sodium iodide symporter in
benign and malignant thyroid tissue

Cloning of the NIS gene and availability of polyclo-
nal and monoclonal hNIS specific antibodies assist in-
vestigation of NIS expression patterns in various benign
and malignant thyroid tissues12,28-32. While normal thyroid
tissue reveals heterogenous NIS protein expression at the
basolateral membrane of a minority of follicular cells28,31,
Graves' thyroid tissue reveals strong NIS protein expres-
sion confined to the basolateral aspect of most thyroid
follicular cells, which is consistent with the clinical ob-
servation of diffusely increased radioiodine uptake in
acute Graves' thyrotoxicosis12,28,31,33. As demonstrated by
Northern and Western blot analysis, NIS mRNA and
protein expression is increased about 3- to 4-fold in
Graves' thyroid tissue12. Given stimulation of iodide trans-
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to detect loss of NIS mRNA expression in 5 of 19 papil-
lary cancers, 1 of 5 follicular cancers and both anaplastic
cancers29. In a more recent study using a kinetic quanti-
tative RT-PCR method, NIS mRNA expression was
shown to be decreased in 40 of 43 thyroid carcinomas
(38 papillary, 5 follicular) and in 20 of 24 cold adenomas
as compared to normal thyroid tissue, whereas NIS
mRNA levels were increased in each of 8 toxic adenom-
as and 5 Graves' thyroid tissues. In thyroid cancer tis-
sues, a positive correlation was found between the ex-
pression levels of NIS, TPO, Tg and TSH receptor, and
higher tumor stages were associated with lower levels of
NIS expression36. Park et al. investigated NIS mRNA lev-
els in 23 papillary carcinomas and 7 pairs of primary and
lymph node metastatic tissues by RT-PCR and RNase
protection assay. Three of 23 papillary carcinomas did
not express NIS mRNA and the rest showed variable lev-
els of NIS mRNA expression which were lower than in
normal thyroid tissue. In spite of NIS expression in the
primary tumor, 2 of 6 lymph node metastases did not
express NIS mRNA. Levels of NIS mRNA expression in
the remaining 4 lymph node metastases were lower than
those in the primary tumors. One sample of lymph node
metastatic tissue showed significant NIS mRNA expres-
sion while no NIS mRNA was detected in the primary
tumor. Therefore, since no correlation was found be-
tween NIS mRNA expression levels in primary and lymph
node metastatic tissue, measurement of NIS mRNA ex-
pression levels in primary tissue cannot predict the ther-
apeutic response to 131I in the metastatic tissue37. Fur-
ther, NIS mRNA expression levels have been shown to
be decreased in oncogene-transformed PC Cl 3 rat thy-
roid cell lines (PC v-erbA, PC HaMSV, PC v-raf and PC
E1A), and were almost completely absent in PC RET/
PTC, PC KiMSV, PC p53143ala and PC PyMLV. These
data suggest that oncogene activation may be involved
in the pathophysiology of reduced NIS expression in thy-
roid cancer38.

Using specific polyclonal and monoclonal anti-hNIS
antibodies NIS protein expression levels in various ma-
lignant thyroid tissues have been investigated. In con-
trast to normal thyroid tissue, most studies showed de-
creased levels of NIS protein expression with less pro-
nounced basolateral orientation in malignant thyroid
tumors28,30,31,39. Jhiang et al. reported no NIS protein ex-
pression in 3 papillary carcinomas and 1 follicular carci-
noma using a rabbit polyclonal hNIS-specific antibody
(aa 468-643)39. No NIS protein expression was detected
in anaplastic and Hurthle cell carcinomas30,31. Using a
rabbit polyclonal hNIS-specific antibody (aa 615-643)
immunohistochemical analysis of 5 follicular and 9 pap-

illary carcinomas revealed low or absent NIS protein
expression, with NIS protein expression levels correlat-
ing with differentiation levels28. Interestingly, the number
of TSH receptor positive cells was also decreased in thy-
roid carcinomas which may, at least in part, explain de-
creased levels of NIS expression and iodide concentrat-
ing capacity in thyroid carcinomas, given TSH as an im-
portant stimulator of NIS gene and protein expression.
In a limited number of cases, comparison of iodide up-
take on radioiodine scans and NIS expression patterns
in thyroid carcinomas and metastases revealed a posi-
tive correlation suggesting that NIS expression levels
might predict the therapeutic efficacy of radioiodine ther-
apy in thyroid cancer28. Evaluation of the relationship
between NIS protein expression in primary or lymph
node lesions and 131I uptake in recurrent lesions of dif-
ferentiated thyroid cancer (5 follicular, 62 papillary)
showed that NIS immunohistochemical staining predict-
ed 131I uptake in recurrent cancer with a 100% positive
predictive value and a 46.2% negative predictive value.
Patients with positive NIS immunostaining responded
better to 131I therapy than patients with negative NIS
immunostaining40. In a very recent study M. R. Castro et
al. determined if NIS protein expression in primary dif-
ferentiated thyroid tumors correlates with subsequent
radioiodine uptake in metastatic lesions. Thyroid tissue
specimens from 60 patients with metastatic thyroid can-
cer, who had undergone total or near-total thyroidecto-
my for differentiated thyroid cancer, were subjected to
immunostaining using a mouse monoclonal hNIS-spe-
cific antibody. For each patient correlation between im-
munostaining results and whole body scan after thyroid
hormone withdrawal was analyzed. Positive immuno-
staining accurately predicted a positive whole body scan
in 84%, the ability of immunostaining to detect cases with
a positive scan was 86%, and increased to 90% when
patients receiving thyroid hormone therapy at the time
of surgery were excluded. These results suggest that NIS
immunostaining of the thyroidal primary tumor in pa-
tients with differentiated thyroid cancer has the poten-
tial to predict the iodide accumulating behavior of sub-
sequent deposits of metastatic and recurrent cancer, and
might therefore be useful in the management of patients
with known or suspected thyroid cancer41.

The studies summarized above suggest that reduc-
tion in NIS expression may account, at least in part, for
the reduced iodide uptake activity generally observed in
thyroid cancer tissue. NIS gene mutations could not be
found in differentiated human thyroid carcinomas (5
papillary, 2 follicular) with reduced iodide accumulating
activity42. Confirmation of these data in a larger series of
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thyroid cancer samples is needed to rule out mutations
in the NIS gene as cause of impaired iodide uptake ac-
tivity. Kogai et al. who studied the regulation of the NIS
gene in human papillary thyroid cancer cell lines with
low levels of NIS gene expression and iodide uptake activ-
ity, and primary human thyroid cells, identified a region
in the NIS gene 5'-flanking region, -596 to -268, which is
essential to confer full promoter activity in primary hu-
man thyroid cells. NIS promoter activity was markedly
reduced in the human papillary thyroid cancer cell lines,
which might be due to decreased expression of potential
novel nuclear factors in these cell lines43.

In contrast to these data, Northern blot and immu-
noblot analysis as well as immunohistochemical staining
of 31 papillary carcinomas by Saito et al. using a rabbit
polyclonal hNIS-specific antibody (aa 466-522) showed
elevated NIS expression levels in approximately 50% of
the tumors32. In a more recent study Dohan O. et al. an-
alyzed NIS protein expression in 57 thyroid cancer sam-
ples by immunohistochemistry, and showed increased
NIS protein expression levels in as many as 70% of the
tissue samples. In addition, NIS was localized not only
in the plasma membrane, but also to a great extent in
intracellular compartments. These data suggest that
malignant transformation in thyroid cancer cells inter-
feres either with proper targeting of NIS to the plasma
membrane, or with mechanisms retaining NIS in the plas-
ma membrane, thereby explaining reduced iodide accu-
mulation levels in spite of increased NIS expression lev-
els in a subset of thyroid cancer samples44. Promoting
NIS targeting to the plasma membrane therefore repre-
sents one of the major therapeutic aims to improve ther-
apeutic efficacy of 131I in thyroid tumors with reduced
iodide accumulation capacity in the presence of increased
intracellular NIS expression levels.

In contrast, therapeutic strategies that enhance func-
tional NIS expression are needed in thyroid tumors with
reduced NIS expression levels to restore their suscepti-
bility to radioiodine treatment. For example, retinoic
acid, a well characterized reagent with differentiation-
inducing properties, has been shown to suppress iodide
uptake and NIS mRNA levels in normal, non-trans-
formed FRTL-5 cells, whereas NIS mRNA expression
levels were up-regulated in human follicular thyroid car-
cinoma cell lines in vitro45. A clinical study in 20 patients
with advanced thyroid cancer (8 follicular, 7 papillary, 5
oxyphilic) showed that 13-cis-retinoic acid treatment (1.5
mg/kg/day for 5 weeks) was capable of reinducing iodine
uptake in 50% of tumors46. Treatment with retinoic acid
may therefore provide a means of re-establishing the ther-

apeutic efficacy of radioiodine therapy by targeted up-
regulation of iodide transport in thyroid cancer cells while
down-regulating iodide accumulation in surrounding
normal thyroid tissue. Another study suggests that DNA
methylation may be involved in loss of functional NIS
expression in thyroid cancer. Analysis of NIS mRNA
expression in 23 thyroid cancer samples showed correla-
tion of loss of NIS expression with loss of clinical radio-
iodine uptake. However, some of the thyroid carcinoma
samples with NIS expression did not concentrate iodide
suggesting additional post-transcriptional mechanisms
for loss of NIS function. In 7 human thyroid carcinoma
cell lines without NIS mRNA expression, demethylation
treatment with 5-azacytidine or sodium butyrate restored
NIS mRNA expression in 4 cell lines and iodide uptake
in 2 cell lines. Investigation of methylation patterns in
these cell lines revealed that successful restoration of NIS
transcription was associated with demethylation of NIS
DNA in the untranslated region within the first exon.
These data suggest a role of DNA methylation in loss of
NIS expression and function in thyroid carcinomas as well
as a potential application for chemical demethylation
therapy in restoring responsiveness to 131I47. A very re-
cent study showed that the novel histone deacetylase in-
hibitor, depsipeptide (FR901228), is capable of increas-
ing NIS mRNA levels as well as iodide accumulating
activity in poorly differentiated thyroid carcinoma cell
lines. If these results can be confirmed in vivo, depsipep-
tide might be used clinically in dedifferentiated thyroid
carcinomas as an adjunct to radioiodine therapy48.

NIS gene mutations

Iodide transport defects resulting in congenital hy-
pothyroidism are suggestive of a defective NIS molecule
due to NIS gene mutations. Diagnostic criteria for an
iodide transport defect are: 1) goiter with hypothyroidism
or compensated hypothyroidism, 2) little if any uptake
of radioiodine, 3) no concentration of iodide by salivary
glands49.

The molecular cloning and characterization of NIS
allowed the identification of several NIS gene mutations
in patients with iodide trapping defects50. Congenital io-
dide transport defects, therefore, represent the first group
of thyroid diseases that is conclusively caused by a disor-
der of NIS (Figure 3). Only 9 months after cloning of
hNIS, a first homozygous NIS gene mutation was report-
ed by Fujiwara et al. in a Japanese patient, born to con-
sanguinous parents, who presented with congenital hy-
pothyroidism caused by an iodide transport defect. This
patient's DNA included a single base alteration of ade-
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Table 1. Identified and characterized mutations of the sodium iodide
symporter gene

Mutation Result Reference

T354P non-functioning NIS protein 51-56

Q267E non-functioning NIS protein 58

Y531X 67 nt. deletion, frameshift,

S515X premature stop, truncated NIS protein 58

C272X premature stop

truncated NIS protein 59

G93R non-functioning NIS protein 54

G543E non-functioning NIS protein 54

G395R non-functioning NIS protein 60

V59E non-functioning NIS protein 57

in these patients. PCR-directed sequencing of the NIS
gene indeed revealed a single T to A transversion at the
second base of the 59th codon in exon 1, thereby replac-
ing the normal Val with Glu57 (Table 1).

Pohlenz et al. have reported three other NIS gene
mutations. A patient with congenital hypothyroidism
resulting from iodide trapping defect was shown to be
heterozygous for two different mutations in the NIS
gene58: a C to G transversion of nucleotide 1146 in exon
6, resulting in Gln 267 to Glu substitution; and a second
C to G transversion of nucleotide 1940, producing a stop
codon as well as a downstream cryptic 3' splice acceptor
site in exon 13, resulting in a 67 nucleotide deletion,
frameshift, and premature stop58. In another patient with
a large goiter and low thyroidal and salivary gland radio-
iodine uptake, sequencing of the entire NIS cDNA de-
rived from thyroidal mRNA revealed a substitution of
the normal cytosine in nucleotide 1163 with an adenine,
resulting in a stop at codon 272 (exon 6) and expression
of a truncated, nonfunctional form of NIS59. More re-
cently, further loss-of-function mutations in the NIS gene
(Gly 93 to Arg substitution, Gly 543 to Glu substitution,
Gly 395 to Arg substitution) have been identified as a
cause of iodide trapping defects54,60. Each of the above
described NIS gene mutations showed a loss of iodide
transport activity in transfection experiments and is of
recessive nature (Table 1). Although resulting in an io-
dide trapping defect, the clinical pictures of the identi-
fied NIS gene mutations are very heterogenous, in par-
ticular concerning goiter formation and hypothyroidism.
Patients with different NIS gene mutations as well as
patients with an identical NIS gene mutation reveal dif-
ferent phenotypes suggesting that additional, unknown
factors are responsible for variable clinical expression.
While the precise mechanisms by which NIS gene muta-
tions cause iodide trapping defects remain unknown,
preliminary data suggest that conformational changes in
the protein structure result in reduced functional activi-
ty and sodium binding capacity53. Very recently, using
flow cytometry analysis and a mouse monoclonal anti-
body directed against the sixth extracellular loop of the
hNIS protein, Pohlenz et al. were able to demonstrate
that diminished membrane targeting is implicated in the
mechanisms causing iodide trapping defects in the Q267E
and S515X hNIS mutants61.

The sodium iodide symporter as a novel
autoantigen in autoimmune thyroid disease?

The thyroid gland is the target of several autoimmune
diseases, including Hashimoto's thyroiditis and Graves'
hyperthyroidism. AITD is characterized by an immune

Figure 3. Clinical implications of NIS

nine to cytosine in codon 354 of the NIS gene which re-
sulted in an exchange of threonine to proline (T354P)51.
Expression of the mutated symporter in vitro revealed
complete loss of iodide transport activity, confirming the
pathogenic role of this mutation. The same homozygous
single base mutation in the ninth transmembrane domain
of the NIS protein was identified in another Japanese
patient with a voluminous diffuse goiter and an iodide
accumulation defect52. Since then the T354P mutation
has been demonstrated in 14 Japanese patients with an
iodide trapping defect, demonstrating a high prevalence
of the T354P mutation in Japanese patients51-56. NIS pro-
tein has been shown to be overexpressed in these patients'
thyroid glands, suggesting compensatory overexpression
of a hypo- or non-functioning NIS gene product54. In one
familial case, three affected siblings were heterozygous
for the T354P mutation. As the T354P mutation is a re-
cessive mutation and causes iodide transport defect only
in the homozygous or compound heterozygous state,
another NIS gene mutation was considered to be present
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response involving both cellular and humoral elements
directed against thyroidal antigens. These autoantigens
include TPO, Tg, and the TSH-receptor, proteins that
are critical in thyroid cell function and hormonogenesis.
As a newly recovered thyroidal membrane protein with
an equally critical role in thyroid function, NIS and its
potential role as a novel thyroid autoantigen in the patho-
genesis of AITD has become the focus of many studies.

Even prior to the cloning of NIS, Raspe et al. report-
ed inhibition of TSH-induced iodide uptake by cultured
dog thyrocytes when exposed to serum of a patient with
Hashimoto's thyroiditis (HT), autoimmune gastritis and
rheumatoid arthritis. These authors hypothesized that
cross-reacting NIS directed antibodies might be respon-
sible for the decrease in iodide accumulating activity62.
This early observation has gained support from data re-
ported by Endo and colleagues, who expressed rat NIS
(rNIS) as a glutathione S-transferase fusion protein, and
examined a limited number of sera from patients with
Graves' disease (GD) and HT for the presence of NIS
antibodies. Employing a slot-blot assay and densitomet-
ric measurements, the authors reported that 22 of 26
(84%) sera derived from patients with GD and 3 of 20
(15%) sera from patients with HT contained IgG that
bound to the NIS fusion protein63. Morris et al. employed
a carefully calibrated ELISA system to examine IgG pre-
pared from sera of patients with AITD for their binding
to rNIS peptides. For this purpose, a series of 21 well-
characterized rNIS peptides replicating the entire se-
quence of the 14 extramembranous domains of rNIS was
generated. IgG were protein A affinity-purified from sera
of 27 patients with GD, 27 patients with HT and 20
healthy controls. Binding of patient IgG significantly
greater than normal IgG was observed to six peptides,
representing the extramembranous domains 8, 12, 13 and
14 of rNIS. Most notably, peptide 262-280 (extramem-
branous domain 8) and peptides 468-487 and 498-517
(both extramembranous domain 13) were recognized by
44%, 59% and 63% of GD IgG and by 15%, 11% and
26% of HT IgG, respectively, but by none of the control
IgG64.

In addition to serving as markers of the underlying
autoimmune response, more importantly NIS-directed
antibodies may affect iodide uptake by the thyroid gland,
thereby influencing thyroid function in patients with
AITD. As reported by Endo et al., iodide transport in-
hibitory activity seemed to be present in IgG derived from
patients with HT. Four of 34 sera obtained from patients
with HT showed reactivity with recombinant rNIS by
Western blot analysis. When tested in CHO-K1 cells sta-

bly expressing rNIS, IgG prepared from these four pa-
tients were capable of inhibiting iodide uptake activity
by 14 to 62%65. Using CHO cells stably expressing a trun-
cated form of hNIS, Ajjan et al. demonstrated that anti-
bodies in GD sera possess iodide uptake inhibitory ac-
tivity. 27 of 88 (31%) sera derived from patients with GD
inhibited iodide uptake more than 30%. Purified IgG
from some of the positive sera also suppressed iodide
uptake, indicating that the effects of the patients' sera
are mediated by antibodies66. However, because CHO
cells stably transfected with a truncated form of human
NIS that demonstrated only very low level of maximum
iodide uptake were used in this assay, these data required
confirmation by additional studies using more robust
assays. Very recently the same group of investigators
developed a specific and quantitative binding assay for
the detection of NIS binding antibodies in sera from pa-
tients with AITD using in vitro transcription and trans-
lation followed by immunoprecipitation and RIA. Of 49
GD sera and 29 sera from patients with HT, 11 (22%)
and 7 (24%), respectively, were found to contain NIS
binding antibodies. In contrast, sera from 10 patients with
Addison's disease and 10 patients with vitiligo were all
negative. Eight of the 11 (73%) GD sera and 3 of the 7
(43%) HT sera, which tested positive for NIS antibodies
in the immunoprecipitation assay, were also found to
inhibit iodide uptake activity in CHO-K1 cells stably
transfected with full-length hNIS cDNA. Although these
data suggest that some NIS antibodies may indeed act to
modulate thyroid function in patients with HT and, thus,
play a role in the hypothyroidism of some patients with
AITD, these results need to be confirmed in a larger se-
ries of serum samples67. Seissler et al. used a similar as-
say to detect NIS binding antibodies in a large series of
sera from patients with GD (n=177) and HT (n=72) and
healthy individuals (n=165). Full-length hNIS was cloned
from thyroid tissue, expressed by in vitro transcription
and translation in the presence of [35S]methionine and
used to detect NIS antibodies in a direct binding assay.
In contrast to the study by Ajjan et al. using the 95.2th
percentile of healthy controls as treshold, only 19 of 177
(10.7%) patients with GD and 15 of 72 (20.8%) patients
with HT had detectable hNIS autoantibodies. Applying
more stringent cut-off criteria (99.4th percentile of nor-
mal controls) hNIS antibodies were detected in only 5.6%
of GD sera and 6.9% of HT sera with significantly high-
er hNIS antibody levels in HT sera compared with sera
from patients with GD and normal controls68. Using de-
letion derivatives of NIS cDNA, which were in vitro trans-
lated in the presence of [35S] methionine and immuno-
precipitated with seven GD and six HT sera, that have



Sodium iodide symporter 2 9

been tested positive for NIS-binding antibodies, antibody
binding sites of the hNIS protein could be identified (aa
1-134, 191-286, 290-411, 411-520, 520-588). No correla-
tion between specific epitopes on the hNIS protein and
the type of autoimmune thyroid disease was demonstrat-
ed69.

To further evaluate the functional activity of NIS
binding antibodies in sera from patients with AITD, Chin
et al. established a COS 7 cell line stably expressing high
levels of functional hNIS protein which allowed to screen
a large series of serum samples from normal subjects
(n=33) and patients with AITD (GD n=256, HT n=43),
non-AITD (n=110), and non-thyroid autoimmune dis-
eases (n=67) for iodide uptake inhibiting activity. Only
14 sera revealed a significant decrease of iodide uptake
activity compared with control sera. IgGs purified from
seven of these 14 sera that were available for further
study, did not reveal iodide uptake inhibiting activity in-
dicating that the effects were not antibody mediated but
caused by unknown serum factors70.

Taken together, while there is evidence that NIS di-
rected antibodies are present in sera from patients with
AITD, the biologic effect of anti-NIS autoantibodies re-
mains in question. The simple presence of antibodies
against NIS, does not, in itself, mandate a pathogenic
role in the immune process. It may serve as a marker of
the presence of autoimmune disease and be a conse-
quence of cellular and follicular disruption and protein
degradation rather than an active participant in the dis-
ease. The measurement of NIS antibodies with current-
ly available assay systems does not offer any additional
diagnostic benefit to detect patients with AITD. The clin-
ical and pathogenic importance of NIS as a potential
thyroid autoantigen in AITD therefore still remains to
be determined in further studies.

Mammary gland NIS and its clinical
implications

NIS mRNA and protein expression has been report-
ed in a variety of extrathyroidal tissues, including sali-
vary and lacrimal glands, gastric mucosa, kidney, placenta
and mammary gland suggesting that iodide transport in
these tissues is mediated by the expression of functional
NIS protein39,71-74. In the lactating mammary gland iodide
is actively transported and secreted into the milk, there-
by supplying iodide to the infant for the biosynthesis of
thyroid hormones which are essential for the develop-
ment of the nervous system, skeletal muscle and lung1

(Figure 3).

In addition, a role for iodine in the prevention of

breast dysplasia and hyperplasia has been suggested75-77.
In a recent study, Kilbane et al. demonstrated that the
tissue iodide content of breast carcinomas was signifi-
cantly lower than that in remote normal tissue from the
tumor-bearing breast or in fibroadenomata. It has there-
fore been proposed that a disorder of iodide uptake may
be involved in the development of breast cancer which
might be due to NIS inhibiting antibodies that are present
in 19.6% of sera from breast carcinoma patients78 (Fig-
ure 3).

Very recently, the group led by Dr. Carrasco identi-
fied the mammary gland NIS (MGNIS) protein and dem-
onstrated that it mediates iodide accumulation in lactat-
ing mammary glands74. By Western blot analysis using a
high-affinity antibody directed against the carboxy-ter-
minus of rat NIS, MGNIS was detected as a single band
of approximately 75 kDa in mammary gland membranes
of lactating rats. Immunohistochemical analysis of par-
affin-embedded tissue sections derived from lactating
mammary gland showed distinct MGNIS-specific immu-
noreactivity at the basolateral membrane of alveolar ep-
ithelial cells74. Examination of MGNIS protein expres-
sion at various physiological stages showed that MGNIS
is exclusively present in the mammary gland during ges-
tation and lactation, in contrast to the constitutive ex-
pression of NIS in the thyroid gland. MGNIS was absent
in nubile mammary glands, but present in lactating mam-
mary glands. Twenty-four hours after mice were weaned
MGNIS protein expression was substantially decreased,
and was undetectable by 48 h. Re-initiation of suckling
re-established MGNIS expression74. These data suggest
that hormones involved in active lactation stimulate
MGNIS expression and/or its functional activity. Hor-
monal regulation studies in intact and ovariectomized
mice showed rather complicated regulation mechanisms
for MGNIS by estrogen, prolactin and oxytocin. A thresh-
old level of circulating estrogens seemed to be necessary
for optimal MGNIS expression in lactating mammary
gland tissue, in particular for the upregulation of MG-
NIS by oxytocin. A combination of estrogens, prolactin
and oxytocin, which resembles the relative hormonal lev-
els in mice during lactation, led to the highest levels of
MGNIS expression in ovariectomized mice74. In accord-
ance with these findings, Cho et al. showed that both NIS
protein expression levels and radioiodine uptake in rat
mammary gland are maximal during active lactation com-
pared to those in mammary glands of virgin and preg-
nant rats and in the involuting mammary gland. Radio-
iodine uptake into lactating mammary glands was par-
tially inhibited by treatment with a selective oxytocin
antagonist or bromocriptine, an inhibitor of prolactin
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release, suggesting that radioiodine uptake in the mam-
mary gland is, at least in part, modulated by oxytocin and
prolactin. In addition, using real-time quantitative RT-
PCR NIS mRNA levels have been shown to be increased
in a dose-dependent manner by oxytocin and prolactin
in three-dimensional histocultured human breast tu-
mors79. Furthermore, prolactin stimulation of iodide up-
take by cultured mouse mammary tissues taken from
pregnant mice had already been reported even before
NIS was cloned, and has recently been shown to be due
to increased NIS protein expression80-82.

The iodide concentrating activity of the thyroid gland
allows the use of radioiodine for diagnosis of thyroid
nodules by thyroid scintigraphy, as well as ablation of
postsurgical remnants and treatment of recurrent and
metastatic disease in thyroid cancer. The detection and
characterization of MGNIS suggests that radioiodine
might serve a similar function in the diagnosis and treat-
ment of breast cancer (Figure 3). While normal mam-
mary gland epithelial cells express MGNIS physiologi-
cally only during late gestation and lactation, Tazebay et
al.32 demonstrated functional expression of MGNIS in
experimental mammary adenocarcinomas in non-gesta-
tional and non-lactating female transgenic mouse mod-
els carrying either an activated Ras oncogene (c-Ha-ras)
or overexpressing the Neu oncogene (c-erbB-2) by scin-
tigraphic imaging and immunoblot analysis. Further-
more, using three polyclonal and monoclonal antibod-
ies directed against different portions of the human NIS
protein, MGNIS protein expression was examined in hu-
man breast tissue specimens including 8 normal speci-
mens from reductive mammoplasties, 29 malignant spe-
cimens (23 invasive carcinomas, 6 ductal carcinomas in
situ), 13 extratumoral specimens, and 3 biopsies from
pregnant women with breast nodules. Twenty of the 23
(87%) invasive carcinomas and 5 of the 6 (83%) ductal
carcinomas in situ were found to express MGNIS, com-
pared with only 3 of the 13 (23%) extratumoral speci-
mens from tissue in the vicinity of the tumors. In addi-
tion, none of the 8 normal samples expressed MGNIS,
while all three gestational samples were MGNIS-posi-
tive. In contrast to the distinct MGNIS-specific immu-
noreactivity at the basolateral membrane of epithelial
cells in lactating mammary gland, in malignant breast
cells MGNIS-positive staining was localized both at the
plasma membrane and intracellularly74. The high preva-
lence of MGNIS in human breast cancer (more than
80%) indicates that MGNIS is upregulated with high fre-
quency during malignant transformation in human breast
tissue and, therefore, has potential diagnostic value (Fig-
ure 3). Demonstration of functional activity of MGNIS

protein expressed in breast cancer tissue in two different
transgenic mouse models further suggests that radioiod-
ine may be a possible alternative diagnostic and thera-
peutic modality in breast cancer (Figure 3).

A recent report by Kogai et al. shows induction of
NIS gene expression and radioiodine uptake in breast
cancer cells following treatment with retinoic acid (RA)83.
RA plays a well characterized role in development, dif-
ferentiation and cell growth and may have a role in the
treatment of a number of cancer types by inhibiting cell
cycle progression and induction of apoptosis. In addi-
tion, RA has been shown to upregulate NIS mRNA ex-
pression in human follicular thyroid carcinoma cell
lines45. In the estrogen-receptor (ER)-positive human
breast cancer cell line MCF-7 all-trans retinoic (tRA)
acid treatment stimulated iodide uptake in a time- and
dose-dependent fashion up to approximately 9.4-fold.
Stimulation with selective retinoid compounds indicat-
ed that induction of iodide uptake is mediated by the
retinoic acid receptor, which is expressed in MCF-7 cells.
In addition, treatment with tRA significantly stimulated
NIS mRNA as well as NIS protein expression. In con-
trast, no induction of iodide uptake was observed fol-
lowing RA treatment of the ER-negative human breast
cancer cell line MDA-MB 231, or the normal human
breast cell line MCF-12A. The absence of stimulation of
iodide uptake after RA-treatment of several other hu-
man cancer cell lines, including prostate cancer cells
(LNCaP), choriocarcinoma cells (JEG-3) and lung can-
cer cells (A549, H460), showed that the iodide uptake-
stimulating effect of RA was cell selective. Although no
iodide organification could be detected in tRA-treated
MCF-7 cells, iodide efflux was slow compared to iodide
efflux in FRTL-5 thyroid cells, which may be the result
of the absence of pendrin in MCF-7 cells. Most impor-
tantly, an in vitro clonogenic assay demonstrated selec-
tive cytotoxicity of 131I in MCF-7 cells following tRA treat-
ment83. If these results can be confirmed in vivo, stimula-
tion of radioiodine uptake by systemic retinoid treatment
may have a role in imaging as well as therapy of breast
cancer (Figure 3).

NIS as a novel therapeutic gene

Cloning of the NIS gene further allows the develop-
ment of a novel cytoreductive gene therapy strategy based
on targeted NIS gene transfer into non-thyroid cancer
cells followed by radioiodine therapy. Early studies in
transformed rat thyroid cells (FRTL-Tc) without iodide
transport activity showed that transfection with rat NIS
cDNA using electroporation is able to restore radioio-
dine accumulation in vitro and in vivo84. More recently,
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stable transfection of a NIS-defective follicular thyroid
carcinoma cell line with the hNIS gene was able to rees-
tablish iodide accumulation activity in vitro and in vivo85.
Expression of functionally active NIS has also been re-
ported in human glioma cells in vitro and in vivo using
adenovirus-mediated NIS gene delivery86. Furthermore,
Mandell et al. demonstrated in vitro and in vivo iodide
accumulation in several cancer cell lines, including
melanoma, liver, colon and ovarian carcinoma cells, fol-
lowing retrovirus-mediated transfection with the rat NIS
gene. An in vitro clonogenic assay was used to demon-
strate that rat NIS-transduced cancer cell lines can be
selectively killed by the accumulated 131I87. Similar results
were obtained by Boland et al., who expressed the rat
NIS gene in several tumor cell lines (cervix, prostate,
breast, lung and colon carcinoma cells) by adenovirus-
mediated gene transfer in vitro and demonstrated radio-
iodide uptake as well as a selective cytotoxic effect of
trapped radioiodide in vitro. In cervix and breast cancer
xenografts radioiodide uptake could also be demonstrat-
ed following in vivo NIS gene delivery. Intraperitoneal
application of therapeutic doses of only up to 90 ìmCi
131I did not result in a therapeutic response88. In a more
recent study Nakamato et al. stably transfected a human
breast cancer cell line with the rat NIS gene using elec-
troporation and demonstrated a 44-fold increase in ra-
dioiodide uptake in vitro. Xenografts in athymic nude
mice accumulated 16.7% of the total 125-I dose89. Fol-
lowing transfection with hNIS cDNA Carlin et al. showed
radioiodine uptake activity in human glioma, neuroblas-
toma and ovarian adenocarcinoma cell lines. The selec-
tive cytotoxic effect of 131I was significantly increased in
three-dimensional spheroid cultures of hNIS-transfect-
ed human glioma cells compared with hNIS-transfected
two-dimensional monolayer cultures indicating a substan-
tial radiological bystander effect90. Using a bicistronic
retroviral vector for hNIS gene transfer, Haberkorn et
al. were able to demonstrate induction of radioiodide
accumulation with a rapid iodide efflux in rat hepatoma
cells in vitro and in vivo91. These data demonstrate the
potential of NIS gene transfer to induce iodide accumu-
lation activity in tumor cells, although the therapeutic
efficacy of accumulated radioiodine remains to be con-
firmed in vivo.

Recently, prostate cancer (LNCaP) cells were shown
to be selectively killed by accumulated 131I following in-
duction of tissue-specific iodide uptake activity by pros-
tate-specific antigen (PSA) promoter-directed NIS ex-
pression in vitro92,93. Iodide accumulation was confirmed
in vivo in LNCaP cell xenografts in athymic nude mice
and was high enough to allow a therapeutic effect of 131I

in vivo. A single therapeutic 131I dose of 3 mCi was ad-
ministered and shown to elicit a dramatic therapeutic
response in NIS-transfected LNCaP cell xenografts with
an average volume reduction of more than 90%92. As a
next crucial step towards therapeutic application of NIS
gene delivery followed by radioiodine therapy in pros-
tate cancer patients in a clinical setting, a replication-
deficient human adenovirus carrying the human NIS gene
linked to the CMV promoter (Ad5-CMV-NIS) was used
to perform in vivo NIS gene transfer into LNCaP cell
tumors. Following intraperitoneal injection of a single
therapeutic dose of 3 mCi 131I four days after adenovi-
rus-mediated intratumoral NIS gene delivery, LNCaP
xenografts showed a clear therapeutic response with an
average volume reduction of more than 80%. These stud-
ies clearly show for the first time that NIS gene delivery
into non-thyroidal non-organifying tumor cells is capable
of inducing accumulation of therapeutically effective
radioiodine doses, and might therefore represent an ef-
fective and potentially curative therapy for extrathyroi-
dal tumors, in particular prostate cancer (Figure 3).
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