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Although the success of sodium/iodide symporter (NIS) gene–
based cancer therapy is critically dependent on the level of radio-
iodide accumulation attained, recent evidence indicates that
successful therapy relies not solely on NIS amount but also cru-
cially on its functional activity. In this study, we investigated the
role of kinase-linked signaling on the regulation of NIS function
in cancer cells. Methods: T47D human breast cancer and PC-
12 rat pheochromocytoma cells were transduced with the human
NIS genes via an adenoviral vector. Cells were measured for 125I
uptake, and the effects of activation or inhibition of protein kinase
C (PKC) and mitogen-activated protein (MAP) kinase pathways
were evaluated. Membrane localization of NIS was evaluated
by biotinylation-immunoblotting and confocal microscopy. 131I-
mediated cancer cell killing was evaluated by clonogenic assays.
Results: NIS function was acutely reduced by short stimulation
with the PKC activator phorbol 12-myristate 13-acetate and in-
creased by its inhibition with staurosporine or prolonged phorbol
12-myristate 13-acetate exposure. Surprisingly, epidermal growth
factor (EGF) caused a strong dose-dependent augmentation of
radioiodide transport, accompanied by extracellular signal-regulated
kinase (ERK)-1/2 activation. Both effects were completely abro-
gated by specific MAP kinase kinase (MEK) inhibitors, which also
reduced basal NIS function. Hence, radioiodide uptake levels
could differ 24-fold, depending on ERK activity. Biotinylation-
immunoblotting and confocal microscopy revealed that EGF
increases plasma membrane–localized NIS without affecting to-
tal cellular levels. EGF stimulation was sufficient to enhance the
killing effect of 131I on the cancer cells. Conclusion: Thus, PKC
and ERK signaling play important roles in the regulation of NIS
function, and control of these signaling pathways may help en-
hance the efficacy of radioiodide cancer therapy.
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Sodium/iodide symporter (NIS) gene transfer has emerged
as a promising strategy for radioiodide therapy of extrathy-
roidal malignancies (1–5). The NIS, a plasma membrane
glycoprotein, mediates active influx of iodide into cells
through coupling with sodium transport down its electro-
chemical gradient. In thyroid cancer, endogenous NIS
provides the molecular basis for the widespread application
of radioiodide therapy, which has proved over the years to be
a remarkably effective mode of eliminating malignant cells
with minimal side effects (5). This success has instigated
considerable efforts to extend the use of radioiodides to treat
nonthyroid cancers via NIS gene therapy. Although some
studies have shown promising results, many other endeavors
have encountered difficulty in achieving sufficient radioio-
dine accumulation, the critical determinant of therapeutic
efficacy. Therefore, it is crucial to develop methods to further
augment NIS function after gene delivery if clinical radio-
iodide therapy of nonthyroid cancers is to be realized.

Although NIS protein quantity is an obvious factor for
iodide transport capacity, accumulating evidence indicates
that this is not the sole determinant and that the functional
activity of the protein is also of critical importance. Despite
its substantial importance, however, very little is known
about the regulatory mechanisms involving NIS function.
The function of sodium- and chloride-dependent neuro-
transmitter transporters is dynamically modulated in re-
sponse to exogenous stimuli by controlling the surface
targeting of the transporters (6–9). NIS transporters also
need to be located at the plasma membrane to be function-
ally active, which is demonstrated in thyroid cells, in which
thyroid-stimulating hormone (TSH) is required for mem-
brane retention of NIS and its deprivation causes an acute
decrease of iodide uptake (10). In breast cancer cells, the
frequent observation of endogenously expressed NIS with
deficient iodide uptake capacity (11) has been partly
attributed to predominant cytosolic localization (12,13).
Moreover, cancer cells transduced with the NIS gene
demonstrate divergent radioiodide concentrating abilities,
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which can relate to the proportion of membrane associated
with NIS staining (1,2,14).

Rapid alterations of surface transporter densities in response
to acute stimuli occur through intracellular signaling path-
ways. The most extensively investigated examples are the
rapid decrease of cell surface expression and function of
dopamine (7), serotonin (8), and norepinephrine transporters
(9) by protein kinase C (PKC) signaling. Another system that
has been implicated in regulating transporter trafficking is the
mitogen-activated protein (MAP) kinase cascade (15–18).
This pathway transmits extracellular stimuli to regulate im-
portant biologic processes including cell growth, differentia-
tion, migration, and survival (19), and its aberration features
predominantly in cancer cells (20).

In this study, we used gene-transduced extrathyroidal can-
cer cells to investigate the role of PKC and MAP kinase
signaling on NIS function and further evaluated the effect of
MAP kinase activation with epidermal growth factor (EGF) on
the efficacy of radioiodide therapy.

MATERIALS AND METHODS

Cell Culture and Adenoviral NIS Gene Transduction
T47D human breast cancer cells and PC12 rat pheochromocy-

toma cells (American Type Culture Collection) were maintained
in RPMI 1640 medium (Gibco BRL) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 units of penicillin per
milliliter, and 100 mg of streptomycin per liter in a 5% carbon
dioxide incubator at 37�C.

A replication-deficient human-recombinant adenovirus sero-
type 5 construct containing the human NIS gene and enhanced
green fluorescent gene driven by cytomegalus virus promoters
(Ad.NIS) was produced and propagated as previously described
(21). Cells seeded the previous day were infected with Ad.NIS in
medium containing 2% fetal bovine serum. A modest multiplicity
of infection of 2 plaque-forming units was used to better resemble
practical situations. Radioiodide uptake, immunoblots, and im-
munostaining experiments were performed using cells in 12-well
plates, 100-mm plates, and 8-well chamber slides, respectively, 48 h
after adenoviral infection.

Radioiodide Uptake Measurements
Radioiodide uptake was measured by incubating the cells with

74 kBq of 125I (Perkin Elmer NEN) added to the culture medium.
After incubation for 1 h in 5% carbon dioxide at 37�C, we rapidly
washed the cells twice with ice-cold phosphate buffered saline
(PBS), lysed them with 0.1N sodium hydroxide, and measured them
for radioactivity on a g-counter (Wallac). 125I uptake levels were
expressed as mean 6 SD of radioactive counts relative to that of
control cells.

Activation and Inhibition of PKC and MAP Kinase
Pathways

PKC was activated in Ad.NIS-infected T47D (T47D/NIS) and
PC12 cells (PC12/NIS) by stimulation with 100 ng of phorbol
12-myristate 13-acetate (PMA; Sigma) per milliliter for 15 min.
Inhibition of PKC was performed with 10 nM staurosporine or by
prolonged (6-h) exposure to 100 ng of PMA per milliliter.

The MAP kinase pathway was activated by treatment with EGF
(Invitrogen). Concentrations between 0.1 and 100 nM and of
varying durations of stimulation (up to 24 h) were used. On the

basis of the results of dose-dependence and time-course of 125I
uptake, 6-h stimulation with 10 nM EGF was used for the remaining
experiments. Inhibition of the MAP kinase pathway was performed
by adding 25 mM of the selective MAP kinase kinase (MEK)
inhibitors PD98059 or U0126 (Sigma) to the culture medium
immediately before applying EGF. Inhibition of the phosphatidyl-
inositol 3-kinase (PI3-kinase) pathway was performed by addition
of 200 nM wortmannin (Sigma).

Immunoblotting of Phosphorylated Extracellular
Signal-Regulated Kinase (ERK)-1/2

Cells washed twice with ice-cold PBS were lysed with 500 mL
radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl,
pH 7.5; 150 mM sodium chloride; 1 mM ethylenediaminetetra-
acetic acid; 0.1% sodium dodecyl sulfate [SDS]; 1% Triton X-100
[Sigma]; and 0.1% Na-deoxycholic acid) on a rocker at 4�C for 15
min and centrifuged at 14,000g for 15 min. The supernatant was
precleaned by incubation with 100 mL of protein-A Sepharose
bead slurry (50%) at 4�C for 10 min on a rocker and centrifuged at
14,000g at 4�C for 10 min. The supernatant was incubated with
1 mL of phosphor-p44/42 MAP kinase (Thr202/Tyr204) antibody
(#9101S; Cell Signaling) by gentle mixing for 2 h at 4�C. This was
followed by the addition of 100 mL of protein-A Sepharose bead
slurry (50%) and overnight incubation at 4�C. Each sample was
washed 3 times with ice-cold RIPA buffer and centrifuged for 5 s.
Pellets were dissolved in 30 mL of Laemmli 2· buffer (Glycerol
30%; SDS 4%; 12 mM Tris-HCl, pH 6.8; bromophenol blue) and
heated for 5 min at 95�C. The proteins were then separated on a
12% SDS-polyacrylamide gel and transferred to a nitrocellulose
membrane. The membranes were incubated overnight at 4�C with
the antibody against phospho-p44/42 (dilution, 1:1000) in Tris-
buffered saline containing 0.5% polysorbate-20 and 5% skim
milk. Immunoreactive proteins were visualized with an enhanced
chemiluminescence detection system, and protein band intensities
were measured using a GS-800 calibrated densitometer and
Quantity One software (Bio-Rad Laboratories).

Immunoblotting of Total and Plasma Membrane NIS
Immunoblotting for total and plasma membrane NIS protein

was performed in T47D/NIS cells treated with 10 nM EGF in the
presence or absence of 25 mM PD98059 for 6 h using whole-cell
lysate and surface biotinylated protein, respectively. Cells were
washed twice with ice-cold PBS/CM (PBS containing 0.1 mM
calcium chloride and 1 mM magnesium chloride, pH 7.3) and
incubated with EZ link NHS-Sulfo-SS-biotin (1 mg/mL) in PBS/CM
for 30 min at 4�C. The reaction was quenched by 2 washes with
cold 100 mM glycine in PBS/CM and further incubation with 100
mM glycine in PBS/CM at 4�C for 20 min. Cells were lysed in
500 mL of RIPA buffer containing protease inhibitors (1 mM
pepstatin A, 250 mM phenylmethylsulfonyl fluoride, 1 mg of
leupeptin per milliliter, and 1 mg of aprotinin per milliliter) for 1 h
at 4�C with constant shaking. Lysates were centrifuged at 20,000g
for 30 min at 4�C. A portion of the supernatant was used for total
cell protein immunoblots. The remaining sample was used to
obtain membrane protein by incubation with 100 mL streptavidin
beads for 1 h at room temperature. Beads were washed 3 times
with RIPA buffer, and bound proteins were eluted with 50 mL of
Laemmli buffer (62.5 M Tris, pH 6.8; 20% glycerol; 2% SDS; 5%
b-mercaptoethanol; and 0.01% bromphenol blue) for 30 min at
room temperature. Aliquots from total and biotinylated protein
were analyzed by immunoblotting with a mouse monoclonal
human NIS–specific antibody (dilution, 1:1000) (#MS-1653-P1;
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Thermo Scientific), followed by incubation with a secondary anti-
body. Immunoreactive proteins were visualized, and band inten-
sities were measured as described above.

Immunofluorescent Localization of NIS
T47D/NIS cells on an 8-well chamber slide were treated with

10 nM EGF with or without 25 mM PD98059 for 6 h and washed 3
times with ice-cold PBS/CM for 5 min. After a 20-min fixation in
2% paraformaldehyde, cells were rinsed 3 times with PBS/CM and
incubated with 2 mL of antihuman NIS antibody in 100 mL PBS/CM
for 1 h at room temperature. Cells were washed again 3 times with
PBS/CM and incubated with Texas red–labeled secondary anti-
mouse antibody (Invitrogen) at room temperature for 1 h. The slides
were then mounted with an antifade 49,6-diamidino-2-phenylindole
kit (Invitrogen), cover-slipped, and inspected under CLSM 2100
immunofluorescent confocal microscope (BioRad).

Clonogenic Assay
In vitro clonogenic assays were performed as described by

Mandell et al. (22). In brief, T47D/NIS on 100-mm plates
untreated or treated with 10 nM EGF for 6 h were incubated
with 131I (0, 0.74, or 1.48 MBq/mL) for 7 h at 37�C. Cells were
then washed twice with cold PBS, harvested with trypsinization,
and seeded in 6-well plates at densities of 4,000 cells/well. After
being cultured for 2 wk, cells were fixed with methanol for 2 min
and washed twice with cold PBS. Cells were then stained with
crystal violet solution (Sigma) for 2 min, and the wells were
counted for number of colonies containing 50 or more cells. The
experiment was performed in hexaplicate, and results were
expressed as mean 6 SD of percentage survival relative to control
cells unexposed to 131I.

Statistical Methods
All 125I uptake experiments were repeated 2 or 3 separate times,

and the results from a single representative experiment are
presented as mean 6 SD of triplicate samples expressed as
percentage relative to untreated control cells. Protein band inten-
sities are presented as mean 6 SD of 3 or 4 samples per group
expressed in arbitrary units. Clonogenic assay results are mean 6

SD of 6 samples per group expressed as percentage of number of
colonies for cells unexposed to 131I. The Student t test was used to

evaluate the statistical significance between groups, and P values
less than 0.05 were considered significant.

RESULTS

PKC Signaling Acutely Downregulates Radioiodide
Uptake in Cancer Cells

T47D and PC12 cells transduced with the NIS gene
(T47D/NIS and PC12/NIS cells) displayed robust 125I
uptake that reached 11.5 6 0.6- and 12.0 6 0.2-fold of
uninfected cells, respectively (Fig. 1A). A short, 15-min
incubation of T47D/NIS and PC12/NIS cells with PMA
caused a rapid reduction of 125I uptake to 59.7% 6 3.8%
and 58.3% 6 2.3% of untreated control levels, respectively
(Figs. 1B and 1C). In T47D/NIS cells, inhibition of PKC
with staurosporine or prolonged exposure to PMA, which is
known to result in PKC degradation (18,23), significantly
increased 125I uptake to 243.5% 6 6.6% and 235.8% 6

4.9% of untreated cells, respectively. Prolonged exposure to
PMA in the presence of staurosporine further increased
uptake to 285.1% 6 13.0% (Fig. 1B). In PC12/NIS cells,
prolonged exposure to PMA alone and in combination with
staurosporine significantly increased 125I uptake to 159.8% 6

3.3% and 129.1% 6 13.1%, respectively (Fig. 1C).

EGF Treatment Augments Radioiodide Uptake Through
MAP Kinase Signaling

Stimulation with EGF was shown to cause a substantial
augmentation of 125I uptake in T47D/NIS and PC12/NIS
cells. The effect was dose-dependent with uptake levels
reaching 379.6% 6 24.0% and 311.8% 6 61.1% of un-
treated levels for respective cell types by 6-h treatment with
10 nM EGF (Fig. 2A). Evaluation of the time course of
effect induced by 10 nM EGF showed a significant increase
by 4 h and peak effect at 8 h of stimulation (Fig. 2B). This
was not, however, accompanied by any change in 125I efflux
rates (Fig. 2C).

FIGURE 1. Effects of PKC signaling on cancer cell radioiodide uptake. (A) 125I uptake in T47D and PC12 cancer cells before and
48 h after infection with Ad.NIS. Cells were incubated with 74 kBq of 125I for 1 h and measured for uptake levels after rapid washing.
Effects of PKC activation by 15-min stimulation with 100 ng of PMA per milliliter and PKC inhibition by 10 nM staurosporine or 6-h
exposure to 100 ng of PMA per milliliter on 125I uptake in T47D/NIS (B) and PC12/NIS (C) cells. Data are mean 6 SD of
quadruplicate samples expressed as percentage uptake relative to that of control cells, obtained from single experiment
representative of 2 separate experiments. yP , 0.005; zP , 0.0001, when compared with control cells. Staur 5 staurosporine.
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EGF treatment of T47D/NIS and PC12/NIS cells acti-
vated the MAP kinase pathway, as assessed by significant
increases in phosphorylated MAP kinase (p42- and p44-
ERK) levels. This activation was effectively blocked by
cotreatment with the selective MEK inhibitor, PD98059
(Figs. 3A and 3B).

Using the specific MEK1/2 inhibitor U0126, we found
that the blocking of ERK signaling dose-dependently
decreased basal 125I uptake levels and was more pro-
nounced for T47D/NIS and PC12/NIS cells (Figs. 4A and
4B). The status of MAP kinase signaling could thus result
in up to 24.3 6 1.4-fold differences in 125I uptake levels.
Furthermore, MEK inhibition with PD98059 completely
abrogated the effect of EGF on augmenting 125I uptake in
both T47D/NIS and PC12/NIS cells (Fig. 4C). In contrast,

the EGF effect was relatively insensitive to inhibition of the
PI3-kinase pathway, with T47D/NIS cells showing less than
20% reduction of EGF-stimulated 125I uptake by 200 nM
wortmannin (data not shown).

EGF Increases Membrane-Localized NIS in a MAP
Kinase–Dependent Manner

Biotinylation-immunoblot analysis revealed that EGF
stimulates a significant increase in plasma membrane–
localized NIS protein, and that this is effectively blocked
by PD98059 (Figs. 5A and 5B). On the other hand, total
cellular NIS levels were unaffected by EGF treatment with
or without PD98059 (Figs. 5A and 5B).

Subcellular localization of the NIS protein by immuno-
fluorescent confocal microscopy showed findings consis-
tent with the immunoblot results. Although control cells
showed NIS immunoreactivity distributed diffusely through-
out the cytosol, cells exposed to EGF disclosed a significant
shift of NIS localization to the cell surface, and this effect
was reversed by PD98059 (Fig. 6A).

EGF Stimulation Is Sufficient to Enhance Radioiodide-
Induced Cancer Cell Killing

When T47D/NIS cells were treated with 131I for 7 h, cells
unexposed to EGF showed survival rates of 98.4% 6 10.9%
and 82.4% 6 6.0% by 0.74 and 1.48 MBq of radioactivity per
milliliter, respectively. In comparison, exposure in advance
to EGF resulted in significantly reduced survival, down
to 78.2% 6 8.3% and 56.0% 6 8.1% with respective 131I
doses (Fig. 6B). The reduced survival indicates that more
efficient cancer cell killing can be achieved by enhancing
iodide transport capacity through EGF-induced MAP kinase
activation.

DISCUSSION

The use of NIS as a therapeutic gene has emerged as a
promising strategy for targeted radiotherapy of cancer.
Indeed, the ability to concentrate radioiodides has been
successfully transferred through NIS gene therapy in various
extrathyroidal cancer cells, including breast, liver, prostate,
and neuroendocrine tumors (1–5). However, despite en-
deavors to maximize NIS transcripts with high viral vector

FIGURE 2. Effect of EGF treatment on
cancer cell radioiodide uptake and efflux.
(A) Dose-dependent augmentation of 125I
uptake in T47D/NIS and PC12/NIS cells
by treatment with indicated concentra-
tions of EGF for 6 h. (B) Time course of
10 nM EGF-stimulated 125I uptake in
T47D/NIS and PC12/NIS cells. Data are
mean 6 SD of triplicate samples ex-
pressed as percentage uptake relative to
untreated cells, obtained from single

experiment representative of 3 separate experiments. (C) Effect of 6-h treatment with 10 nM EGF on radioiodide retention in
T47D/NIS cells. After 1-h incubation with 125I, EGF-treated (EGF1) and -untreated cells (EGF2) were rapidly washed and incubated
with fresh culture medium. Radioactivity remaining in cells over time was measured and expressed as mean 6 SD of triplicate
samples relative to that at time zero. *P , 0.001; yP , 0.0005; zP , 0.00005, when compared with untreated cells. NIS(2) 5 cells
uninfected with Ad.NIS.

FIGURE 3. Effect of EGF treatment on ERK-1/2 activation. (A)
T47D/NIS and PC12/NIS cell lysates underwent immunopre-
cipitation and immunoblotting with specific antibody against
phosphorylated ERK-1/2 (p44 and p42 MAP kinase). Electro-
phoretic separation was done on 12% SDS-polyacrylamide gel.
Group of cells was treated with 10 nM EGF for 30 min (EGF),
and separate group of cells was cotreated with 25 mM of MEK
inhibitor PD98059 (EGF1PD). (B) Quantitative protein band
densities measured with calibrated densitometer. Data are
mean 6 SD of 3 samples per group expressed in arbitrary units.
*P , 0.05; yP , 0.005, when compared with untreated cells.
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titers and potent promoters, therapeutic efficacy can be
limited because of the insufficient levels of radioiodide
accumulation attained. Therefore, a better understanding of
the mechanisms that regulate the functional activity of NIS
transporters will be crucial for the widespread application
of radioiodide-based cancer therapies.

Using NIS gene–transduced cancer cells, we demon-
strated that NIS function is rapidly decreased by PKC
activation and increased by its inhibition. Conversely, radio-
iodide uptake was substantially augmented by MAP kinase
activation with EGF, whereas it was dose-dependently atten-
uated by MEK inhibitors. Both EGF-induced ERK-1/2
activation and radioiodide uptake enhancement were com-
pletely abrogated by MEK inhibition. Further investigation
revealed that EGF increases plasma membrane–localized
NIS without affecting total cell levels. Importantly, EGF-
stimulated enhancement of NIS function was sufficient to
render the cancer cells more susceptible to treatment with a
radioiodide.

PKC-mediated acute downregulation of functional activ-
ity is well established for several neurotransmitter trans-
porters (6–9). Phorbol esters such as PMA rapidly activate
PKCs by mimicking the action of endogenous diacylglyc-
erol. On the other hand, when cells are exposed to PMA for
prolonged durations, PKC signaling is downregulated by

proteolytic degradation of the enzyme (23). In our study,
radioiodide uptake was acutely decreased by PMA but was
increased when the exposure was prolonged and was also
increased by the PKC inhibitor staurosporine. These find-
ings demonstrate that PKC signaling is a negative regulator
of NIS function.

In search of a signaling pathway that upregulates NIS
function, we tested the effect of treatment with EGF, a well-
known activator of major intracellular kinase cascades. As
a result, we found that EGF promotes substantial augmen-
tation of radioiodide uptake through MAP kinase but not
PI3-kinase pathways. MAP kinases are evolutionary con-
served enzymes that transmit signals from cell surface
receptors to critical intracellular targets (19). Among MAP
kinases, p38 MAP kinase has been shown to be involved in
maintaining normal basal expression of serotonin trans-
porters (17) and promoting the activation of norepinephrine
transporters (18). ERK-1/2 MAP kinase has been impli-
cated in regulating the transport capacity of dopamine
transporters. In striatal synaptosomes and HEK293 cells,
blocking of constitutively active MAP kinase with MEK
inhibitors resulted in decreased dopamine uptake (15).
MEK inhibitors have also been shown to reduce substrate
uptake in COS cells transiently expressing dopamine trans-
porters (16). Our results indicate that NIS function may be

FIGURE 4. Effect of MEK inhibitors on EGF-stimulated radioiodide uptake. Effects of graded concentrations of EGF or selective
MEK1/2 inhibitor U0126 (25 mM) on 125I uptake in T47D/NIS (A) and PC12/NIS (B) cells are demonstrated. (C) Effect of MEK inhibitor
PD98059 (25 mM) on125I uptake in T47D/NIS and PC12/NIS cells with or without 6-h treatment with 10 nM EGF is shown. All data are
mean 6 SD of triplicate samples expressed as percentage uptake relative to untreated cells, obtained from single experiment
representative of 2 or 3 separate experiments.*P , 0.0005; yP , 0.0001, compared with cells treated with EGF without PD98059.

FIGURE 5. Immunoblots of membrane
and totalNISprotein. (A)Cell surfaceprotein
was prepared by biotinylation of T47D/NIS
cells with 1 mg of sulfo-NHS-SS-biotin
per milliliter and precipitation of surface-
biotinylated protein with streptavidin-
agarose beads. Cell surface and total NIS
protein were separated on 10% SDS-
polyacrylamide gel, electrotransferred,
and immunoblotted with antihuman NIS
antibody. (B) Quantitative NIS protein band
densities were measured with calibrated densitometer. Data are mean 6 SD of 4 samples per group expressed in arbitrary units. EGF 5

cells treated with 10 nM EGF for 6 h; EGF1PD 5 cells treated with EGF in presence of 25 mM PD98059.
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regulated in a similar fashion. U0126 dose-dependently
reduced basal radioiodide uptake, and PD98059 completely
abolished EGF-stimulated uptake using concentrations that
inhibit phosphorylation of ERK-1/2 MAP kinase. Taken
together, these findings indicate that PKC and ERK path-
ways may play important roles in regulating NIS function,
albeit in opposite directions. The results further show EGF
treatment to be an effective means to augment NIS-mediated
transport activity through MAP kinase activation.

In thyroid cells, NIS transcription and function are
regulated quite differently from how they are regulated in
nonthyroidal cells, and it is, therefore, unclear how ERK or
PKC signaling may influence endogenously expressed NIS
function. However, transcriptional expression of NIS in the
thyroid is regulated by various stimuli, including TSH,
which augments NIS expression via cyclic adenosine mono-
phosphate signaling and downstream pathways that include
PKA, ERK MAP kinase, and p38 MAP kinase (24). TSH
also stimulates plasma membrane localization of NIS (24),
suggesting that similar signaling pathways may also be
involved in posttranscriptional regulation of thyroidal NIS
function. Further studies, however, will be needed to clarify
the effects of ERK and PKC signaling on endogenously
expressed NIS function in cells, for example, in the thyroid.

The functional activity of transporters can be controlled by
altering their surface presentation. For several neurotrans-

mitter transporters, rapid functional regulations in response
to acute stimuli occur via trafficking-dependent mechanisms
that alter plasma membrane expression. Using immunoblots
of membrane-impermeable biotin-bound protein and confo-
cal microscopy to distinguish membrane from intracellular
protein, we showed that EGF stimulated a significant in-
crease of plasma membrane–localized NIS. Hence, the effect
of EGF in facilitating iodide transport is due at least in part to
upregulated surface NIS presentation, which may occur
through increased redistribution to the plasma membrane,
decreased internalization from the membrane, or both. The
precise mechanism through which EGF may modulate mem-
brane targeting of NIS is not clear. However, because a
common posttranscriptional mechanism for modulating the
subcellular localization and function of many transporters
involves glycosylation and phosphorylation processes (8), it
is possible that similar processes may be in operation for
regulating NIS function. Our findings underscore the impor-
tance of subcellular localization on NIS function, supporting
recent observations in which iodide uptake was greater for
cancer cells with predominantly membrane-associated im-
munostaining (1,2) and NIS proteins with dissimilar surface-
targeting properties displayed disparate iodide accumulating
abilities (14).

Importantly, treatment with EGF was sufficient to enhance
the killing effect of radioiodides on the cancer cells. This was
achieved even though EGF-enhanced radioiodide uptake was
unaccompanied by a reduction in efflux rate. Although poor
cellular radioiodide retention is generally considered an
obstacle for the efficacy of NIS gene–mediated cancer
therapy, several lines of evidence suggest that maximizing
transport activity to recapture effluent radioiodides could be a
solution (2,3). The ability of cells to actively take up iodide
via NIS gene delivery provides a unique strategy for selective
destruction of cancer cells with 131I. The findings of this
study raise the possibility that ERK-modulated NIS function
may provide a feasible way to attain radioactivity accumu-
lation sufficient to allow cancer regression with clinically
realistic doses of 131I. This possibility will need to be further
verified by animal studies that test the effects of stimulating
or inhibiting EGF signaling on the efficacy of radioiodide
cancer therapy in vivo.

CONCLUSION

Our results show that PKC and ERK signaling could
have central roles in regulating membrane localization and
the iodide transport capacity of NIS and suggest that
appropriate control of these pathways through methods
such as EGF-induced ERK activation may help enhance the
efficacy of NIS gene–mediated radioiodide cancer therapy.
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