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Radioiodide transport has been extensively and successfully used in the evaluation and management of thyroid
disease. The molecular characterization of the sodium/iodide symporter (NIS) and cloning of the NIS gene has led
to the recent expansion of the use of radioiodide to cancers of the breast and other nonthyroidal tissues
exogenously transduced with the NIS gene. More recently, discoveries regarding the functional analysis and
regulatory processes of the NIS molecule are opening up exciting opportunities for new research and applications
for NIS and radioiodide. The success of NIS based cancer therapy is dependent on achievement of maximal
radiolodide transport sufficient to allow delivery of effective radiation doses. This in turn relies on high
transcription rates of the NIS gene. However, newer discoveries indicate that nontranscriptional processes that
regulate NIS trafficking to cell membrane are also critical determinants of radioiodide uptake. In this review,
molecular mechanisms that underlie regulation of NIS transcription and stimuli that augment membrane trafficking
and functional activation of NIS molecules will be discussed. A better understanding of how the expression and
cell surface targeting of NIS proteins is controlled will hopefully aid in optimizing NIS gene based cancer treatment
as well as NIS based reporter-gene imaging strategies. (Nucl Med Mol Imaging 2007:41(5):343-349)
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Introduction

The sodium/iodide symporter (NIS) mediates active
transport of iodide into thyroid follicular cells as the first
step for thyroid hormone synthesis. NIS is a plasma
membrane glycoprotein composed of 618 amino acids and
contains 13 putative transmembrane segments with an
extracellular amino- and a cytoplasmic carboxyl—terminus.l)
NIS-mediated iodide accumulation in cells is an active

transport process that occurs against the concentration
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gradient through coupling with sodium transport down its
electrochemical gradient, maintained by the activity of
Na-K-ATPase. NIS activity is competitively inhibited by
perchlorate, which acts as a blocker rather than a substrate
and therefore does not translocate into the cell. Thyroidal
cell NIS concentrates iodide by 20-40 folds with respect to
the plasma, and thus provides the basis for the application
of radioiodide for diagnostic scintigraphic thyroid imaging
and therapeutic targeting of hyperfunctioning or cancerous
thyroid tissues.”

NIS also mediates active iodide transport in extrathyroid
tissues, including salivary glands, gastric mucosa, and
lactating mammary gland. Furthermore, a significant
proportion of malignant breast cancers are now known to
express NIS, suggesting a potential role for radiciodide in
the diagnosis and treatment of breast cancer. Most of the
steps for NIS mediated iodide uptake in the thyroid are
stimulated by TSH. In contrast, NIS expression and iodide
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accumulation in extrathyroidal tissues are regulated by
different mechanisms. More recently, NIS gene therapy is
being investigated as a potential technique for treating
various cancers that have low or no endogenous NIS
expression by réndering them susceptible to destruction
with radioiodide. Radioiodide therapy for the destruction of
thyroid cancer is specifically targeted, inexpensive and
widely available, Because the potential application of
radiciodide in various cancers would represent a substantial
advance in the management of malignant disease,
elucidation of the mechanisms that regulate the expression
and functional activity of NIS proteins is of important
clinical relevance. Methods and stimuli that can enhance
iodide transport through increased NIS expression and/or

function are hence the focus of this review.

Clinical Importance of Regulating NIS Activity

In thyroid cancer, the success of radioiodide therapy is
compelling.” The mortality of thyroid cancer patients
treated with radioiodide is 3%, compared to 12% for

untreated subjects. The therapeutic effect is proportional to

the effective radiation dose delivered to the tumor tissue,
which depends on the concentration and effective half-life
of radioiodide in the tumor cells. The latter in turn depends
on the rates of radiciodide influx and efflux. Although most
thyroid cancers expreés NIS mRNA and protein, functional
iodide uptake is usually reduced, as can be appreciated by
their appearance as cold-lesions on scintigraphic images. In
most differentiated thyroid cancers, TSH stimulation by
thyroid hormone withdrawal or recombinant human
thyrotropin administration sufficiently increases radioiodide
uptake for ablation to be effective. However, approximately
10 to 20% of differentiated thyroid cancers do not show
sufficient iodide uptake despite TSH stimulation, and these
tumors are generally associated with a poor prognosis,
Accordingly, -a decrease in NIS expression has been
expected in thyroid cancer cells, in part due to impaired
transactivation at the proximal promoter or the upstream
enhancer. A more recent immunohistochemical analysis in
"a larger number of samples, however, showed that up to
70% of thyrbid cancers overexpress NIS, but the protein is

mostly intracellularly localized® NIS must be expressed,

344

targeted, and retained in the appropriate plasma membrane
surface for active iodide transport to occur. Therefore,
targeting to and retention in the plasma membrane of NIS
remain essential if active iodide transport is to take place.
Decrease in iodide uptake in most thyroid carcinomas,
therefore, appears to be caused less by insufficient NIS
expression than by alterations in NIS trafficking.

The majority of breast carcinomas also show immunohis-
tochemical evidence of NIS expression,“ and tumors with
uptake of radioiodide and Tc-99m are not uncommonly
seen on imaging studies.” However, only a small portion of
breast cancers functionally concentrates sufficient amounts
of iodine. Owing to different cellular mechanisms, TSH has
no effect in modulating NIS expression in breast cancer
cells. Rather, these cells are stimulated of NIS expression
and increased iodide uptake by lactogenic hormones and
various differentiation agents including retinoic acid (RA).
As such, with the use of agents that stimulate NIS activity
for sufficient accumulation of iodide, radiciodide may
represent a novel potential alternative diagnostic and
therapeutic modality in some breast cancers.B)

Recently, the success of radioiodide therapy for the

treatment of thyroid cancer has prompted efforts to extend

~ this treatment to cancers that do not normally express NIS.

The cloning of NIS has opened the way to render various

nonthyroid cancers susceptible to destruction with
radioiodide through targeted expression of functional NIS
molecules by gene therapy. Experiments utilizing viral
vector mediated gene therapy to transduce the NIS gene
info melanoma, ovarian, liver, and colon carcinoma cells
have demonstrated successful augmentation of iodide
uptake activity and destruction by accumulation of -131.”
Successful transfer of functionally expressed NIS and
effective radioiodide therapy has also been achieved in
mouse models of xenografted nonthyroid tumors®” NIS
gene therapy is thus a most promising development in the
exploit of radiciodide transport for treatment of cancers in
a wide variety of tissues. However, this strategy suffers
from limited durations of radiciodide tumor residence
because extrathyroid tissues lack iodide organification.
Notwithstanding, some NIS ftransduced cancers are still
susceptible to radioiodide treatment, which is seen when

NIS activity is high enough to avidly reuptake iodide that



is effluxed ™ Thus, long-term retention of radioiodide
nonthyroidal cancer is an achievable goal, but can only be
realized with maximized iodide transport activity of NIS,
This illustrates the extreme importance of developing
methods to promote high NIS activity and function for the
success of effective radioiodide therapy in NIS gene

transduced cancers.

Transcriptional Regulation of NIS Expression

The pituitary glycoprotein hormone TSH is the primary
regulator of thyroid function and iodide accumulation. The
effects of TSH start with its interaction with a G-protein
coupled receptor that activates adenylyl cyclase to generate
cAMP " The generated cAMP then up-regulates NIS
mRNA transcriptionl/“ through stimulation of NIS promoter
and upstream enhancers,l‘r’) and thus augments NIS protein
expression (Fig. 1),12'1/1> Stimulation of thyroid cell NIS
expression by TSH through cAMP appears to be mediated
by activation of both protein kinase A (PKA) dependent
and independent pathways, which includes the
PKA-CREB, APE/Ref-1-Pax-8, and extracellular signal
regulated kinase and p38 MAPK pathways.” The TSH
receptor-cAMP-PKA pathway has for a long time been
considered the central pathway for thyroid cell proliferation,
differentiation, and NIS expression.m

Another important stimulant of thyroid cancer cell NIS
expression is RA, a biologically active metabolite of
vitamin-A that plays a regulatory role in cell differentiation
by binding to nuclear receptors and acting as
ligand-binding transcription factors. RA treatment was
shown to increase NIS mRNA in human thyroid cancer cell
lines, but not in nontransformed FRTL-5 rat thyroid
cells.” Clinical trials conducted to evaluate the efficacy of
RA show that 20 to 42% of aggressive differentiated
thyroid cancers respond with an increase in radioiodide
uptake. In a study of 50 patients with advanced invasive or
metastatic thyroid cancer and negative iodide scans, RA
given for 5 weeks resulted in marked and modest increases
in radiciodide uptake in 13 and 8 patients, respectively.
Furthermore, 7 of these 21 cases showed reduced tumor
volume after treatment with 1-131.""

In contrast to TSH and RA, cytokines generally
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Fig. 1. Signal fransduction pathways involved in the transcrip-
tional regulation of NIS expression. Emphasis is given to TSH and
its downstream signaling pathways as the main regulator in
thyroidal cells. (Adopted from ref. 2 with modification)

modulate thyroid cell NIS expression and iodide uptake in
a negative fashion. TNF-a and -8 dose dependently
decrease cAMP levels in cultured human thyroid cells™ In
FRTL-5 cells, TNF-¢ inhibits TSH-stimulated NIS
mRNA expression assessed by RT-PCR and Northern blot
and iodide uptake,"” and TGF- 81 dose-dependently inhibits
NIS mRNA and iodide uptake””

Several nonthyroid tissues also express NIS protein.
lodide transport systems in these tissues exhibit many
functional similarities with their thyroid counterpart, but
also display important differences, such as the inability to
organify accumulated iodide. Regulation of NIS expression
is also different in nonthyroid tissues, such as that TSH has
no regulatory influence on NIS expression or iodide
accumulation. In breast cancer cells, RA and several
non-TSH hormones can increase NIS mRNA expression
and iodide uptake. RA has been shown to increase NIS
mRNA, NIS protein, and iodide uptake activity in cultured
MCF-7 breast cancer cells? and in tumors of in vivo
MCF-7 xenografts””’ Dexamethasone can further enhance
RA induced iodide uptake and NIS mRNA, partially by
stabilizing NIS mRNA? Prolactin and oxytocin treatment
has also been reported to induce NIS mRNA in human
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breast cancer fissues” The induction of NIS in breast
cancer cells is suggested to involve cAMP and PI3K
pathways, and both pathways have been show to
contribute to NIS expression in transgenic mouse models of
breast cancer.”’

Unlike endogenous NIS, transcriptions of exogenous NIS
genes that are driven by constitutively active promoters are
not expected to be significantly affected by external
stimuli, However, even such viral promoters may be
influenced in certain situations. This is exemplified by a
recent report that showed NIS mRNA, protein levels and
radioiodide uptake to be enhanced by RA in breast cancer
cells transduced with a cytomegalus viral promoter driven

hNIS gene.%)

Nontranscriptional Regulation of NIS Activity

The regulation of NIS function is complex in that it is
not simply the sum of the amount of NIS protein within
the cell, but is dependent also on the subcellular distribution
and functional activity of the transporter. Whereas NIS is
distributed  both

intracellular membrane compartments, it is the NIS protein

in the plasma membrane and in

located at the cell surface and not the total amount of NIS
protein that determines the degree of transporter mediated
iodide uptake, In thyroid cells, TSH induction of NIS
function appears to occur both at transcriptional and
post-translational levels. That is, TSH increases thyroid cell
radioiodide uptake not only through direct enhancement of
gene expression and half-life of NIS, but also via augmented
NIS trafficking to the plasma membrane.?” Clinically, some
thyroid tumors have high levels of NIS expression but are
deficient in cell surface accumulation of the transporter.
Therefore, lack of iodide accumulation response to TSH
stimulation seen in some differentiated thyroid cancers that
have TSH receptors is caused by failure of signal
transduction or transcription factors required for NIS
expression or from defects in NIS protein trafficking and

B2 NIS cell surface trafficking and

membrane insertion.
accumulation appear to be extremely susceptible to
disruption. Some patients with iodide transport defects
carry a mutation in NIS, such that the NIS mutant fails to

target to the cell surface.™ In breast cancer, although NIS
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Fig. 2. Schematic model illustrating the redistribution of NIS
molecuies, initiclly located af the plasma membrane fo
compartments in response to TSH withdrawal. The plasma
membrane is shown in black, infracellular compartments in gray,
ond ER and Golgi as broken lines. (Adopted from ref. 1 with
modification)

mRNA and protein expression is frequently present, only a
small proportion of these tumors show functional Tc-99m
and [-123 uptake.S) Interestingly, while 70% of breast
cancers immunohistochemically stain positive for NIS, the
proteins are expressed predominantly in the intracellular
space. These observations suggest that modification and
membrane targeting are likely to be important in
conferring iodide uptake in cancers of the breast as well as
that of the thyroid.

FRTL-5. thyroid cells deprived of TSH in the culture
media show a reduction of intracellular cAMP levels and
decrease of iodide uptake activity in a reversible manner.”®
However, intracellular NIS is reduced at a rate significantly
slower than that of plasma membrane, and even when
iodide uptake activity is completely lost by prolonged TSH
deprivation NIS preparations of membrane vesicles still
demonstrate preserved iodide uptake activity.gl) These
findings are consistent with the notion that active NIS
protein located in the plasma membrane in the presence of
TSH are redistributed to intracellular compartments in its
absence (Fig. 2). Thus, TSH can regulate iodide uptake by
nontranscriptionally modulating the subcellular distribution
of NIS without influencing the intrinsic functional status of
the molecules. Conversely, a study in thyroid cell lines
showed that RA treatment significantly increased cellular
NIS mRNA quantity but not iodide uptake activity, again
indicating that simple amounts of NIS transcript alone do



not reflect the functional activity of NIS.* Taken together,
recent evidence indicates the operation of nontranscriptional
mechanisms of NIS targeting to and retainment at the
plasma membrane to regulate NIS activity in response to
stimulatory signals. 1-131 ablation of cancer may thus be
improved not only by enhancement of NIS gene transcription
but also by promoting targeting of intracellularly localized
NIS vproteins to the plasma membrane. Accordingly,
investigations are presently ongoing to examine the parallel
assessment of NIS protein expression, cellular distribution,
and function, both in vitro and in vivo, to better understand
the regulatory control of NIS activity.

While the precise molecular mechanisms by which NIS
Is targeted to and retrieved from the plasma membrane
remain largely unknown, there appears to be a common
post-transcriptional mechanism for modulating the subcellular
localization and functional activity of transporters,zZ) and
similar glycosylation and phosphorylation processes may be
in operation to regulate NIS trafficking. The carboxyl-
terminal domain of NIS, predicted to be on the cytoplasmic
side, contains target motifs that are important for
protein-protein interactions, the deletion of which prevents
the transport and insertion of the protein into the plasma
membrane.™  This carboxyl-terminus contains several
potential phosphorylation consensus sequences for kinases,
including glycogen synthase kinase 3, cyclin-dependent
kinases, protein kinase A, and protein kinase C. The
phosphorylation state of NIS has been observed to be
markedly different in the presence and absence of TSH.*"
Given the important role of phosphorylation in regulating
the targeting of many transporters, phosphorylation of
certain residues of NIS proteins through specific cell
signaling pathways may likely play important roles in
regulating their subcellular distribution and/or activation.

The recent accumulation of knowledge on the post-
transcriptional regulation of NIS activity raises a need to
inquire how it may influence the efficacy of NIS gene
therapy and accuracy of NIS based gene imaging., As
mentioned above, the success of radioiodide therapy after
NIS gene transfer is highly dependent on the development
of methods to achieve maximal iodide transport activity in
target cells. For example, the use of the rNIS gene as
compared with the hNIS gene confers significantly higher
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radioiodide uptake activity,” and this has been found to be

due to difference in cell surface targeting despite similar
total NIS protein levels. ™

In our lab, we recently discovered that stimulation with
epidermal growth factor significantly augments in a
dose-dependent manner, radioiodide transport activity in
PC-12 rat pheochromocytoma and T47D human breast
cancer cells transduced with a CMV-hNIS gene expressing
adenoviral vector. While the precise mechanism for this
effect is presently under investigation, this stimulatory
effect was found to peak within a few hours and was not
inhibited by cycloheximide, indicating that the process does
not require new protein synthesis. Consistent with this
finding, there was no change in the amount of total cell
NIS protein assessed by Western blot analysis.37> Some
TSH actions on thyroid cells are mediated by cAMP
dependent stimulation of the MAPK pathway
study, phosphorylated MAP-kinase levels were significantly

In our

increased by epidermal growth factor stimulation, and
blocking of this signaling pathway with specific kinase
inhibitors completely reversed the effect of enhanced
radiolodide uptake. Importantly, these findings imply that
the functional activity of NIS exogenously expressed by
gene therapy in nonthyroid cancers can be nontrans-
criptionally upregulated by stimulation with growth factors
or activation of specific protein-kinase pathways.

In conclusion, the continued study of the mechanisms
involved in NIS biogenesis, regulation, subcellular distribution,
and function are expected to considerably extend the use
of the NIS gene and radioiodide for both basic research and

clinical applications.
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