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The Na*/I~ symporter (NIS) has been proposed as an imaging re-
porter gene to ascertain the expression of therapeutic genes in
targeted tissues. In this study, we investigated whether post-
translational processing and cell-surface trafficking of NIS affect
NIS-mediated radioiodide uptake in cells expressing exogenous
NIS. Methods: We established FTC133, HelLa, and PC12 cell
lines with doxycycline-inducible NIS expression to investigate
the correlation among total NIS protein levels, cell-surface NIS
protein levels, and NIS-mediated radioiodide uptake in cells in-
duced with various levels of NIS. Results: We found that most
exogenous NIS proteins were efficiently trafficked to the cell sur-
face; thus, a possible deficiency in NIS cell-surface trafficking is
not a concern for clinical applications of NIS gene transfer. The
extent of radioiodide uptake correlated with cell-surface NIS pro-
tein level within a certain range, suggesting that the imaging sig-
nals can quantify levels of NIS expression only within a certain
range in vivo. Finally, a moderate increase in NIS protein level sig-
nificantly increased radioiodide uptake, indicating that a low level
of NIS expression is sufficient to facilitate radionuclide imaging in
vivo. Conclusion: Our study suggests that NIS will be useful as
an imaging reporter gene to ascertain that the therapeutic gene
is localized to the correct tissue and to monitor the expression
levels and duration of the therapeutic gene.
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Gene therapy may provide additional therapeutic op-
tions for conditions such as genetic disorders, metabolic dis-
eases, and cancer (/,2). Despite progress in current clinical
gene therapy trials, problems still exist with inefficient
vector delivery and tissue targeting. The development of
simple and specific ways to noninvasively and repetitively
image exogenous gene delivery and expression will greatly
advance the field of gene therapy. One such way to monitor
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gene delivery and expression involves the inclusion of an
imaging reporter gene (Imagene) in the gene therapy vector
(3-5). Imaging reporter genes code for a protein that medi-
ates a specific interaction with a detectable substrate, al-
lowing a clinician or investigator to determine whether the
therapeutic gene has successfully been delivered, whether
the therapeutic gene is localized to the correct tissue, whether
the expression level of the therapeutic gene is sufficient for
therapy, and the duration of gene expression (3-5). The use
of imaging reporter genes will be instrumental in the de-
velopment of new strategies and reagents for targeted, ef-
fective gene therapy.

One of the most promising types of imaging reporter
gene is the Na*/[~ symporter (NIS). NIS is an intrinsic
membrane glycoprotein with 13 putative transmembrane
domains. Electrophysiologic studies have shown that NIS
functions by cotransporting 1 I~ ion with 2 Na* ions into
cells (6). In addition, other molecules, such as TcO,~, are
readily transported by NIS. As a result, cells that express
NIS will concentrate I~ and TcO,4~, and this uptake and
intracellular accumulation can be detected using radiotracer
1317, 1231 1251 or 99mTcQ, (7). Indeed, several published
reports have demonstrated that NIS expression can effec-
tively be imaged in vivo (7-15).

We and others have demonstrated that NIS gene transfer
can facilitate radioiodide uptake in a variety of cells; how-
ever, the extent of radioiodide uptake varies considerably
among different cell types (/6-22). The mechanisms un-
derlying this difference have not been investigated. The
aim of this study was to determine whether posttransla-
tional processing and cell-surface trafficking of NIS affect
NIS-mediated radioiodide uptake in cells expressing exog-
enous NIS. Furthermore, the correlations among total NIS
protein levels, cell-surface NIS protein levels, and NIS-
mediated radioiodide uptake were investigated and com-
pared among 3 different types of cells expressing various
NIS levels. The information acquired should facilitate future
applications of NIS as an imaging reporter gene in clinical
trials.
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MATERIALS AND METHODS

Cell Culture

FTC133 human thyroid cancer cells were maintained in 1:1
Dulbecco’s modified Eagle’s medium (DMEM):modified Ham’s
F12 medium (Invitrogen) supplemented with fetal bovine serum
(10%; Invitrogen), glutamine (2 mmol/L; Invitrogen), penicillin/
streptomycin (1%; Invitrogen), and a mixture of bovine thyroid-
stimulating hormone (I mU/mL; Sigma) and bovine insulin
(10 pg/mL; Sigma). HeLa human cervical cancer cells were
maintained in DMEM supplemented with fetal bovine serum
(10%) and penicillin/streptomycin (1%). PC12 rat pheochromo-
cytoma cells were maintained in DMEM supplemented with horse
serum (10%; Invitrogen), fetal bovine serum (5%), glutamine
(2 mmol/L), and penicillin/streptomycin (1%). Phoenix retroviral
producer cells were maintained in DMEM supplemented with
fetal bovine serum (10%) and penicillin/streptomycin (1%).
Cells stably expressing CMV-TetOn and TREhNIS were main-
tained in medium supplemented with G418 (200 pwg/mL; Gibco)
and hygromycin (100 pg/mL; Clontech).

Generation of TetOn/NIS Cell Lines

Full-length human NIS in pCDNA3 vector was released with
BamHI and EcoRV and then subcloned into BamHI- and Hpal-
digested pRev-TRE (Clontech). Phoenix cells were transfected with
pRev-TREONIS, and retroviruses were harvested. HeLL.a TetOn and
PC12 TetOn cells (Clontech) were transduced with pRev-TREhNIS
retroviral supernatant, and stable clones were selected in medium
containing hygromycin (200 pwg/mL). For generation of FTC133
TetOn cells, parental cells were stably transfected with CMV-TetOn
(Clontech) and selected in medium containing G418 (400 pg/mL).
Clones were screened for functional expression of TetOn by
transient transfection of pRev-TREONIS, followed by radioiodide
uptake assay. Selected FTC133 TetOn clones were then transduced
with pRev-TREhNIS retroviral supernatant to isolate FTC133
TetOn/NIS clones. All TetOn/NIS clones were selected on the basis
of low leakiness and high doxycycline-inducible NIS expression by
radioiodide uptake assay.

Radioiodide Uptake Assay

Uptake of 2’1 was measured as described previously (23).
Briefly, TetOn/NIS cells were seeded in 24-well plates 24 h before
the addition of doxycycline. FTC133 TetOn/NIS cells and HeLa
TetOn/NIS cells were induced with 0, 0.1, 0.5, or 2 pg of
doxycycline per milliliter, and PC12 TetOn/NIS cells were
induced with 0, 0.05, 0.2, or 1 pg of doxycycline per milliliter.
Forty-eight hours later, cells were incubated with 74 kBq of Na!'2>1
in 5 pmol of nonradioactive Nal per liter for 30 min at 37°C with
5% CO,. Cells were then washed twice with cold Hanks’ balanced
salt solution (HBSS) and lysed with cold 95% ethanol for 20 min
at room temperature. The cell lysate was collected, and radio-
activity was counted by a y-counter (Packard Instruments). Experi-
ments were performed in triplicate.

lodide Efflux Assay

Efflux of 21 was measured as described previously (23).
FTC133 TetOn/NIS cells and HeLa TetOn/NIS cells were induced
with 2 pg of doxycycline per milliliter, whereas PC12 TetOn/NIS
cells were induced with 1 pg of doxycycline per milliliter. Forty-
eight hours later, cells were incubated in medium containing
Na!?3] as described above. Cells were washed twice and incubated
in 1 mL of HBSS. After 2 min, the medium was collected and
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replaced with HBSS. This was repeated every 2 min for a total of
10 min. Cells were then lysed with cold 95% ethanol for 20 min at
room temperature. The total uptake of each well was calculated
as the sum of the efflux washes and the lysate. Experiments were
performed in triplicate.

Cell-Surface Biotinylation

TetOn/NIS cells were seeded in 100-mm plates and induced
with doxycycline for 48 h. Cell-surface biotinylation was per-
formed by washing the cells with cold phosphate-buffered saline
(PBS) containing MgCl, (1 mmol/L) and CaCl, (0.1 mmol/L)
(PBS Ca/Mg). The cells were then incubated with sulfo-NHS-
LC-biotin (1 mg/mL; Pierce) in PBS Ca/Mg for 1 h with gentle
shaking at 4°C. The reaction was quenched with PBS Ca/Mg
containing glycine (20 mmol/L) for 20 min at 4°C. Cells were
then lysed in lysis buffer (Tris, 50 mmol/L, pH 7.5; NaCl,
150 mmol/L; Triton X-100, 1%; phenylmethylsulfonyl fluoride,
1 mmol/L; aprotinin, 10 wg/mL; leupeptin, 10 pg/mL) for 30 min
at 4°C. An 18.5-gauge needle was used to homogenize the cells.
Next, lysates were centrifuged at 14,000g for 20 min at 4°C and
supernatants (whole-cell lysates) were collected. Protein concen-
trations were determined by Bradford assay (Bio-Rad). For
separation of biotinylated proteins from nonbiotinylated proteins,
800 g of whole-cell lysates were incubated with 100 pwL of
avidin-coated agarose beads (Pierce) overnight with gentle
shaking at 4°C. The beads were then washed with lysis buffer,
and biotin-labeled proteins were eluted with 75 L of 2x Laemmli
sample buffer for 5 min at 95°C. Aliquots (20 pg) of whole-cell
lysates were used to assess total NIS protein levels. Proteins were
subjected to Western blot analysis as described below. To ensure
that biotin did not permeate the cells and label intracellular pro-
teins, we probed the membrane with a rabbit polyclonal a-actin
antibody (Santa Cruz) at a 1:500 dilution. Actin was detected in
the total NIS protein fractions but not in the cell-surface NIS
fractions (data not shown).

Western Blot Analysis

Proteins were subjected to 10% sodium dodecylsulfate—poly-
acrylamide gel electrophoresis and transferred to a nitrocellulose
membrane (Schleicher and Schuell). The membrane was blocked
in Tris-buffered saline polysorbate (Tris-HCI, 10 mmol/L, pH 8.0;
NaCl, 150 mmol/L; polysorbate 20, 0.05%) containing 5% nonfat
dry milk either for 1 h at room temperature or overnight at 4°C.
Next, the membrane was incubated with 331 polyclonal rabbit
o-human NIS antibody diluted 1:1,500 for 1 h at room tem-
perature, followed by incubation with horseradish peroxidase—
conjugated a-rabbit IgG (Amersham Pharmacia), diluted 1:4,000
for 1 h at room temperature. The signal was detected by an en-
hanced chemiluminescence detection reagent (Amersham). The
signal intensities were measured densitometrically using NIH
Image software (National Institute of Mental Health). To deter-
mine equal protein loading of total NIS proteins and cell-surface
NIS proteins, we probed the membrane with an antibody against
vascular adenosine triphosphatase (V-ATPase) E subunit (kindly
provided by Dr. Beth Lee, Ohio State University) diluted 1:1,000,
followed by incubation with horseradish peroxidase—conjugated
a-rabbit IgG.

Adenovirus-Mediated NIS Transduction

Generation of recombinant adenovirus carrying human NIS
(rAdCMVFLhNIS) has been described previously (/8). Twenty-four
hours before infection, parental FTC133 cells and parental HeLa
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cells were seeded in 24-well plates for radioiodide uptake assay or
in 100-mm plates for cell-surface biotinylation. For adenovirus-
mediated NIS transduction, cells were washed with PBS, incu-
bated with 2% fetal bovine serum, and infected with a multiplicity
of infection of 0, 1, 3, or 10 for 2 h. Afterward, cells were washed
with PBS and cultured in regular medium. Forty-eight hours after

mined. A P value of less than 0.05 was considered to be statisti-
cally significant.

RESULTS

Doxycycline-Inducible NIS Expression Is Established

in 3 Cell Lines of Different Tissue Types
Doxycycline-inducible NIS expression was established
in 3 cell lines of different tissue types, FTC133 human
thyroid cancer cells, HeLL.a human cervical cancer cells, and
PC12 rat pheochromocytoma cells. These parental cell lines
do not express endogenous NIS and thus do not actively
transport radioiodide. All 3 TetOn/NIS cells, stably ex-

infection, radioiodide uptake assay and Western blot analysis were
performed as described above.

Statistical Analysis
The correlation coefficient (r) for the statistical comparison of
total NIS protein levels with cell-surface NIS levels was deter-

A FTC133 Hela PC12
Total NIS Total NIS Total NIS
Dox O 0.1 0.5 2ug/mL Dox 0 01 05 2pg/mL Dox 0 005 02 1pg/mL
(kDa) (kDa) | . * (kDa) —
181=— 181 18wt
116 1 IRR o
— — -
82— 82 8=t
63— Rp— 63 - - - 63—
V-ATPase subunit E V-ATPase subunit E V-ATPase subunit E
377 37_----» 37_",_--.
T — — g— -
180,000
B —4—FT7C133 —#—Hela —&—PC12
160,000
< 140,000
5
o1 120,000
=
£ 100,000
=3
g 80,000
= )
< -
o 60,000
40,000 1
h
20,000 ¢
0 1 I 1 1
0 0.5 1 1.5 2
Doxycycline {(pg/mL)
FIGURE 1. Doxycycline-inducible NIS expression and radioiodide uptake. (A) Western blot analysis showed that maximal

inducible NIS protein level was higher in HeLa TetOn/NIS cells and PC12 TetOn/NIS than in FTC133 TetOn/NIS cells. All TetOn/NIS
cells were induced for 48 h with various doxycycline concentrations. Equal loading of proteins was normalized with V-ATPase.
Exposure time for detecting NIS protein in FTC133 TetOn/NIS was 30 min, whereas exposure time for HeLa TetOn/NIS and PC12
TetOn/NIS cells was 5 min. Results are representative of 3 independent experiments. (B) Extent of radioiodide uptake generally
correlates with level of inducible NIS proteins. Each data point was performed in triplicate, and mean = SD are shown. Results are
representative of 3 independent experiments. RAIU = radioiodide uptake.
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pressing the reverse tetracycline transactivator (TetOn) and
NIS linked to a tetracycline-responsive element, had
doxycycline-inducible NIS expression (Fig. 1A) and radio-
iodide uptake (Fig. 1B). Low levels of NIS protein were
detectable in the absence of doxycycline, indicating some
leakiness of NIS expression in all 3 TetOn/NIS cells (Fig.
1A). Western blot analysis for total NIS protein levels
showed 2 major immunoreactive bands. The 90-kDa band
represents the mature glycosylated NIS protein, whereas
the 65-kDa band corresponds to partially glycosylated NIS
protein. Interestingly, a minor third band of ~181 kDa was
detected in both HelLa TetOn/NIS and PC12 TetOn/NIS
cells but not in FTC133 TetOn/NIS cells. On the basis of
the molecular weight, the ~181-kDa immunoreactive band
most likely represents dimeric forms of NIS (24-26).

As shown in Figure 1B, both FTC133 TetOn/NIS cells
and HeLa TetOn/NIS cells reached maximal radioiodide
uptake with 2 pg of doxycycline per milliliter. In com-
parison, PC12 TetOn/NIS cells achieved maximum iodide
uptake with 1 pg of doxycycline per milliliter. Admin-
istration of 5 g of doxycycline per milliliter did not fur-
ther increase radioiodide uptake in the 3 TetOn/NIS cells
(data not shown). The degree of maximal induced radio-
iodide accumulation was highest in HeLa TetOn/NIS cells
and lowest in FTC133 TetOn/NIS cells. Consistent with
this finding, the maximal induced NIS protein level was
highest in HeLa TetOn/NIS cells and lowest in FTC133
TetOn/NIS cells (Fig. 1A). Furthermore, consistent with the
leakiness of NIS expression, all 3 TetOn/NIS cells had low
levels of perchlorate-sensitive NIS-mediated radioiodide
uptake in the absence of doxycycline. Nevertheless, NIS
protein levels and radioiodide uptake could be modulated
by various concentrations of doxycycline in all 3 TetOn/
NIS cell lines. Furthermore, it appears that the radioiodide
uptake is proportional to the corresponding total NIS
protein levels among the 3 TetOn/NIS cells.

Rate of lodide Efflux Is Not Different Among the
3 TetOn/NIS Cells

Both active iodide uptake and iodide efflux contribute to
steady-state radioiodide accumulation. We therefore exam-
ined the rate of iodide efflux in the 3 TetOn/NIS cells treated
with 2 pg of doxycycline per milliliter. As shown in Figure
2, accumulated radioiodide was rapidly lost in induced HeLa
TetOn/NIS, PC12 TetOn/NIS, and FTC133 TetOn/NIS cells,
most likely because of the lack of iodide organification. The
rate of iodide efflux was similar among the 3 TetOn/NIS
cells, because all 3 cell lines lost 50% of accumulated iodide
by 4 min. Thus, the difference in maximal radioiodide accu-
mulation among the 3 TetOn/NIS cells was not caused by
differences in the rate of iodide efflux.

NIS Proteins Efficiently Traffic to Cell Surface in
TetOn/NIS Cells

It is the NIS protein localized at the cell surface, but not the
total NIS protein levels, that determines the degree of NIS-
mediated radioiodide uptake. To investigate whether there is
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FIGURE 2. TetOn/NIS cells have similar rates of iodide efflux.
TetOn/NIS cells were induced for 48 h with either 2 ng of
doxycycline per milliliter for FTC133 TetOn/NIS and Hela
TetOn/NIS cells or 1 png of doxycycline per milliliter for PC12
TetOn/NIS cells. Each data point was performed in triplicate,
and mean = SD are shown. Results are representative of 3
independent experiments.

a difference in NIS cell-surface trafficking efficiency, we
correlated cell-surface NIS protein levels with total NIS
protein levels in HeLa TetOn/NIS cells and PC12 TetOn/NIS
cells induced with various concentrations of doxycycline.
Cell-surface biotinylation, followed by isolation of biotiny-
lated fractions with avidin-coated beads, was used to assess
cell-surface NIS levels. Aliquots of whole-cell lysates from
biotinylated cells were used to determine the corresponding
total NIS protein levels. As expected, total NIS protein levels
were modulated by various doxycycline concentrations, and
the 90-kDa NIS was most abundant in both HeLa TetOn/NIS
(Fig. 3A) and PC12 TetOn/NIS cells (Fig. 3C). Interestingly,
although the 90-kDa NIS remained the most abundant form
of NIS at the cell surface in HeLa TetOn/NIS cells, the ~181-
kDa NIS was more abundant than the 90-kDa NIS at the cell
surface in PC12 TetOn/NIS cells. Nevertheless, the ratio of
90-kDa NIS versus ~181-kDa NIS decreased in the cell-
surface fractions in both TetOn/NIS cells. Thus, the putative
dimeric NIS protein (181-kDa NIS) appears to be more
efficiently targeted to the cell surface than is the monomeric
glycosylated NIS protein (90-kDa NIS). The 65-kDa NIS
was less abundant at the cell surface in both HeLa TetOn/
NIS cells (Fig. 3A) and PC12 TetOn/NIS cells (Fig. 3C),
suggesting that most underglycosylated NIS remains in-
tracellular. Regardless of the different forms of NIS, the
amount of cell-surface NIS levels appears to be proportional
to the amounts of total NIS protein levels in both HelLa
TetOn/NIS cells (Fig. 3B) and PC12 TetOn/NIS cells (Fig.
3D). This finding indicates that induced NIS proteins are
efficiently targeted to the cell surface. This is consistent with
the finding that radioiodide uptake closely correlates with
total NIS protein levels in TetOn/NIS cells. Because of the
low levels of induced NIS protein, we were not able to
evaluate the correlation between cell-surface NIS levels and
total NIS protein levels in FTC133 TetOn/NIS cells.
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FIGURE 3. NIS protein efficiently traffics to cell surface in TetOn/NIS cells. (A and C) Total NIS protein levels correlate with cell-
surface NIS levels in both HeLa TetOn/NIS cells (A) and PC12 TetOn/NIS cells (C). Cell-surface biotinylation followed by Western
blot analysis using NIS antibodies was performed to detect cell-surface NIS levels, and aliquots of whole-cell lysates were used for
Western blot analysis to determine total NIS protein levels. Ratio of 90-kDa NIS vs. ~181-kDa NIS decreases on surface of TetOn/
NIS cells. TetOn/NIS cells were induced for 48 h with various doxycycline concentrations as indicated. Equal loading of proteins
was normalized with V-ATPase. Exposure time was 5 min. Results are representative of 3 independent experiments. (B and D)
Regression analysis indicates linear relationship between total NIS protein levels and cell-surface NIS levels in both HeLa TetOn/
NIS cells (B) and PC12 TetOn/NIS cells (D). Densitometric analysis was performed to determine normalized total NIS protein levels
and cell-surface NIS levels. To consolidate values from 3 independent experiments, maximally induced total NIS protein levels and
maximally induced cell-surface NIS levels were designated as 100%, and other values were assigned relative to maximal levels.
Correlation coefficient was determined. P < 0.05 indicates statistical significance. Dox = doxycycline.

A Moderate Increase in NIS Protein Results in a
Marked Increase in Radioiodide Uptake

cells, radioiodide uptake could not be further increased by
further increases in NIS cell-surface levels beyond a certain

For the application of NIS as an imaging reporter gene or
therapeutic gene, it is important to investigate the correlation
between NIS protein levels and radioiodide uptake, because
the degree of radioiodide uptake accounts for the imaging
signals and therapeutic efficacy. Because cell-surface NIS
levels appear to be proportional to total NIS protein levels, we
next correlated cell-surface NIS protein levels with radio-
iodide uptake in both HeLLa TetOn/NIS cells and PC12 TetOn/
NIS cells. As shown in Figure 4, a moderate increase in
NIS protein levels markedly increased radioiodide uptake.
However, in both HelLa TetOn/NIS and PC12 TetOn/NIS

186

range, indicating factors limiting NIS-mediated radioiodide
uptake. These factors may include the availability of sub-
strates I~ or Na*. Increasing I~ concentrations from 5 to
15 pmol/L in the culture medium of HeLa TetOn/NIS cells
further increased the extent of radioiodide uptake about 2-fold
(data not shown). Interestingly, we found that the association
between NIS protein levels and radioiodide uptake appeared
to be different between HeLa TetOn/NIS and PC12 TetOn/
NIS cells, in that the same amount of cell-surface NIS levels
was associated with higher radioiodide uptake in HeLa
TetOn/NIS than in PC12 TetOn/NIS cells.
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FIGURE 4. Extent of radioiodide uptake is not further in-
creased by cell-surface NIS levels beyond a certain range in
either HeLa TetOn/NIS or PC12 TetOn/NIS cells. Arbitrary
values of cell-surface NIS levels were normalized with cell-surface
V-ATPase levels and then correlated with corresponding
radioiodide uptake. Results are representative of 3 indepen-
dent experiments. A.U. = arbitrary units; RAIU = radioiodide
uptake.

NIS Expression Level Is Not the Sole Factor
Dictating Degree of Radioiodide Uptake

Several studies have demonstrated that the maximal
radioiodide uptake induced by NIS gene transfer differs
among different cells (/9-22). However, the reasons
underlying this difference have not been investigated,
because NIS expression levels were not normalized among
these cells. Using the TetOn/NIS cells, we found that the
maximal radioiodide uptake differed among the different
TetOn/NIS cells (Fig. 1B). To ensure that the finding was
not due to clonal selection of the TetOn/NIS cells, we
induced exogenous NIS expression at various levels in
parental FTC133 or HeLa cells by infection with different
amounts of recombinant adenovirus carrying NIS. Various
NIS protein levels were conferred by infecting cells with
differing multiplicities of infection of recombinant adeno-
virus—carrying NIS in both HeLa cells (Fig. 5A) and
FTC133 cells (Fig. 5C). Consistent with the finding in the
TetOn/NIS cells, the induced NIS proteins were efficiently
targeted to the cell surface (Figs. 5B and 5D); a moderate
increase in NIS cell-surface levels resulted in a marked
increase in radioiodide uptake, yet further increases in NIS
cell-surface level did not further increase radioiodide
uptake (Fig. 6). Taken together, our study indicates that
the level of NIS expression is not the sole factor dictating
the degree of radioiodide uptake.

Unlike the finding in the TetOn/NIS cells, the maximal
radioiodide uptake was higher in infected FTC133 cells
than in infected HeLa cells (Fig. 6). In fact, at any equiv-
alent NIS cell-surface levels, radioiodide uptake was always
higher in infected FTC133 cells than in infected HeLa cells
(Fig. 6). This finding indicates that the maximal radioiodide
uptake in FTC133 TetOn/NIS cells does not reflect the
maximal capacity of NIS-mediated radioiodide uptake in
FTC133 cells. Instead, the low level of maximal radio-
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iodide uptake in FTC133 TetOn/NIS cells was limited by
the low level of inducible NIS protein in the selected clones.

DISCUSSION

NIS gene transfer by viral or nonviral approaches confers
radioiodide uptake in a variety of murine and human cell
lines; however, the extent of radioiodide uptake varies
considerably among different cell types (/6-22). The
mechanisms underlying this difference have not been
investigated. To examine the correlation between NIS
protein levels and radioiodide uptake, we established
TetOn/NIS cells of 3 different tissue types. The maximal
radioiodide uptake correlated with the maximal induction
of total NIS protein levels among the 3 TetOn/NIS cells. No
differences in the rate of iodide efflux or NIS cell-surface
targeting efficiency were observed among the 3 TetOn/NIS
cells. What is most interesting is that for any given cell
type, a moderate increase in NIS protein levels significantly
increased radioiodide uptake, yet further increases in cell-
surface NIS protein levels beyond a certain range could not
further increase radioiodide uptake.

Several studies have shown that NIS cell-surface traf-
ficking is quite susceptible to disruption. Clinically, some
thyroid tumors have increased NIS expression yet fail to
traffic or retain NIS at the cell surface; thus, these tumors
cannot benefit from NIS-mediated radionuclide imaging
or therapy (27,28). Furthermore, patients with defects in
iodide transport often carry a mutation in NIS such that the
NIS mutant fails to target to the cell surface (29-32).
Experimentally, we found that NIS cell-surface trafficking
is extremely susceptible to amino acid substitutions (33)
and that the 5’ untranslated region of human NIS plays an
important role in NIS cell-surface trafficking (Xiaoqin Lin
et al., unpublished data, December 2003). Thus, it is gen-
erally believed that NIS cell-surface trafficking is a limiting
factor for NIS-mediated radioiodide uptake in cells ex-
pressing exogenous NIS. In this study, we showed that NIS
proteins were efficiently trafficked to the cell surface in
both TetOn/NIS cells and cells infected with recombinant
adenovirus—carrying NIS. Together with other reports showing
significant increases in radioiodide uptake after NIS gene
transfer in many cell types, a possible deficiency in NIS
cell-surface trafficking is not a concern for clinical applica-
tions of NIS gene transfer.

It is of clinical importance that a moderate increase in
NIS protein levels markedly increased radioiodide uptake
but that radioiodide uptake could not be further increased
by further increasing cell-surface NIS protein levels beyond
a certain range. For NIS to serve as an imaging reporter
gene, it is important to investigate whether a linear rela-
tionship exists between NIS gene expression and imaging
signals. The intensity of the imaging signals is determined
by the extent of radioiodide uptake but not by NIS protein
levels. Our study indicates that NIS protein levels have
a linear relationship with the extent of radioiodide uptake
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FIGURE 5. Recombinant adenovirus confers high NIS protein levels in both parental FTC133 cells and parental HelLa cells. (A and
C) Western blot analysis showed that NIS protein levels are comparable between infected Hela cells (A) and infected FTC133 cells
(C). Both cells were infected with recombinant adenovirus for 48 h, with various multiplicity of infection. Equal loading of proteins
was normalized with V-ATPase. Exposure time for detecting NIS protein in both cells was 5 s. Results are representative of 2
independent experiments. (B and D) Regression analysis indicates linear relationship between total NIS protein levels and cell-
surface NIS levels in both infected Hela cells (B) and infected FTC133 cells (D). Densitometric analysis was performed to determine
normalized total NIS protein levels and cell-surface NIS levels. Maximally induced total NIS protein levels and maximally induced
cell-surface NIS levels were designated as 100%, and other values were assigned relative to maximal levels. Correlation coefficient
was determined. P < 0.05 indicates statistical significance. MOl = mulltiplicity of infection.

within a certain range and that a moderate increase in NIS
protein level translates into evident increases in radioiodide
uptake. Taken together, these findings indicate that a low
level of NIS expression may be sufficient to confer radio-
nuclide imaging in vivo, yet NIS is limited to quantifying
the expression levels of therapeutic genes within a certain
range in vivo.

The finding that a further increase in NIS at the cell sur-
face does not translate into further increases in radioiodide
uptake is interesting. Indeed, the degree of NIS-mediated
radioiodide uptake in cultured cells is most likely limited
by many other factors, such as the availability of substrates,
I~ and Na*. Studies have shown that the initial rate of
radioiodide uptake in cultured cells expressing high levels
of exogenous NIS could be further increased by increasing
the concentrations of Na® and I~ in cultured medium
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(34,35). In this study, we showed that steady-state radio-
iodide uptake could also be further increased by increasing
the concentrations of I~ in cultured medium (data not
shown). It will be important to further evaluate whether this
phenomenon occurs in vivo—a very different microenvi-
ronment from that of cell cultures. It is also interesting to
note that equivalent NIS cell-surface levels were not
associated with equivalent degrees of radioiodide uptake
among the different cell types. Different cells may differ in
their membrane potential, Na*/K* gradient, influx/efflux
kinetics, iodide organification, and so forth. Our data showed
that the rate of iodide efflux was not different among
FTC133, HeLa, and PC12 cells. It is not surprising that
FTC133 cells had a rapid rate of iodide efflux, because
thyroid peroxidase, which facilitates iodide organification,
is not expressed is this cell (36). It will be of physiologic
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FIGURE 6. Radioiodide uptake was higher in infected FTC133
cells than infected Hela cells at any equivalent NIS cell-surface
levels. Arbitrary values of cell-surface NIS levels were normal-
ized with cell-surface V-ATPase levels and then correlated
with corresponding radioiodide uptake. Results are represen-
tative of 2 independent experiments. Consistent with finding
using TetOn/NIS cells, extent of radioiodide uptake is not
further increased by cell-surface NIS levels beyond a certain
range. A.U. = arbitrary units; RAIU = radioiodide uptake.

and clinical significance to identify the non-NIS cellular
factors that limit the extent of radioiodide uptake.

The rapid efflux of radiotracer in cultured cells indicates
that the application of NIS as an imaging reporter gene in cells
lacking iodine organification may be compromised. However,
99mTcQ,, an alternative substrate of NIS that does not become
organified or trapped in the thyroid, has been used routinely in
the clinic to image the thyroid (7). In addition, exogenous NIS
expression in various nonthyroid cells that lack iodide
organification has successfully been imaged by radioiodide
in vivo (7-15). Nevertheless, strategies to enhance radio-
iodine trapping will be most useful to amplify the imaging
signal for NIS as an imaging reporter gene in vivo. In par-
ticular, it would be most important to examine ways to
increase radioiodide retention if NIS is to be used as a
therapeutic gene to facilitate targeted radioiodine therapy.

The human NIS gene has several qualities that make it an
ideal imaging reporter gene. First, it is not a foreign gene;
hence, NIS is nonimmunogenic. Second, the tissue expres-
sion profile of endogenous NIS is limited; as a result,
exogenous NIS function can be imaged in a wide variety of
nonthyroidal tissues or in thyroid cancer that has lost NIS
expression. Third, NIS mediates the uptake of radio-
isotopes; therefore, complicated synthesis and labeling of
substrate molecules is not required for imaging. Fourth, the
radioisotopes used are highly selective to NIS-expressing
cells; this selectivity reduces interference from unwanted
background signal. Fifth, NIS-mediated radiotracer uptake
displays rapid background clearing. Consequently, in vivo
imaging of NIS-expressing cells can be performed as soon
as 30 min after administration of the radioisotope. Finally,
the adverse effects of free radioiodine are minimal. It is
routinely administered to patients with hyperthyroidism or
thyroid cancer for both imaging and therapeutic purposes.

In summary, we showed that the extent of radioiodide
uptake generally correlates with NIS protein levels within
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a certain range; however, the extent of NIS-mediated
radioiodide uptake could be modulated by other cellular
factors yet to be identified. Our finding that further in-
creases in NIS cell-surface levels do not further increase the
extent of radioiodide uptake indicates an inherent capacity
of maximal radioiodide uptake in a given cell type. Our
study reiterates the following important questions that are
highly clinically relevant: What is the optimum NIS protein
level for maximal radioiodide uptake in a selected tissue
type? Could the maximal radioiodide uptake be further
increased in a given tissue type, provided that the non-NIS
cellular factors could be identified and modified?

CONCLUSION

Our study suggests that NIS will be useful as an imaging
reporter gene to ascertain that the therapeutic gene is lo-
calized to the correct tissue and to monitor the expression
levels and duration of the therapeutic gene.
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