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A ‘‘New’’ Reporter in the Field of Imaging
Reporter Genes: Correlating Gene Expression
and Function of the Sodium/Iodide Symporter

By 1995, more than 150 human
gene therapy clinical trials were in
progress in the United States alone (1).
More than 10 y later, gene delivery in
humans remains a considerable chal-
lenge for numerous potential applica-
tions, because it is often limited by
poor delivery specificity, inadequate
transfer efficiency, and lack of corre-
lation between expression and func-
tion. The limitations of clinical gene
therapy led to the emergence of an
exciting new opportunity for noninva-
sive imaging in living subjects: de-
tection and monitoring of molecular
biologic events.

As the initial shortcomings of gene
therapy became apparent, the chal-
lenge of imaging processes related to
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gene transfer, expression, and function
was seized by several investigators in
the fields of nuclear and molecular
imaging. Molecular biologists had
long used reporter assays to detect
gene expression in situ, including the
use of the bacterial genes chloram-
phenicol acetyl transferase and b-galac-
tosidase. With the development of
reporter probes, the reporter gene
paradigm was adapted to in vivo
molecular imaging, and pioneering
efforts developed along 3 fronts:

nuclear imaging (PET, SPECT,
g-scintigraphy, and autoradiography)
(2,3), MRI (4,5), and optical imaging
(6,7). The idea of the reporter gene as
an imaging gene had become a reality.

In the last 3 y, one of the ‘‘new’’
reporters to emerge in the field of
imaging reporter genes, the sodium/
iodide symporter (NIS), is ironically
one of the oldest examples of a molec-
ular imaging and therapy target in
nuclear medicine. Selective localiza-
tion of 131I2 began to be exploited in
the 1940s and 1950s for selection and
treatment of thyroid patients deemed
to be poor surgical candidates (8). It
later became well established that
uptake by the NIS, and subsequent
metabolic trapping by organification
in the form of hormones, was the
mechanism that allowed thyroid im-
aging and therapy. In recent years, the
same principles of metabolic trapping
and high signal amplification have
become a common paradigm around
which imaging reporter genes and
probes have been designed.

The elegant biochemistry that made
the NIS one of the first nuclear medi-
cine targets also makes it an attractive
candidate for transgene imaging and
therapy applications. Preclinical stud-
ies published in the last 3 y have
investigated the potential of the NIS to
function in both capacities in non-
thyroid cancer models. After ex vivo
retroviral transduction, Jhiang’s group
imaged human NIS gene expression in
intracerebral F98 rat glioma allografts,
using 99mTcO4

2 and 123I2 scintigra-
phy (9), and in pulmonary tumors in
mice, correlating uptake and perfusion
defects with 125I2 and 99mTc-macro-
aggregated albumin SPECT (10).
Jhiang’s group also showed that treat-

ment with 131I2, 125I2/131I2, or
188ReO4

2 significantly prolonged the
survival of F98/NIS-bearing rats
(9,11), demonstrating that exogenous
NIS expression can be exploited for
therapy of nonthyroid tumors. Shin
et al. (12) compared the imaging
reporter characteristics of NIS with
the more conventional herpes simplex
virus type 1 thymidine kinase (HSV1-
tk) gene in mice bearing transfected
CT-26 colon carcinoma xenografts.
Biodistributions of 125I2 and 125I-
iodovinyldeoxyuridine targeting NIS
and HSV1-tk, respectively, showed that
tumor uptakes per unit transgene ex-
pression were comparable for the two,
and established NIS-expressing tu-
mors were clearly detected by 131I2

scintigraphy.
Also during the last 3 y, the NIS has

been evaluated as a reporter for
imaging gene therapy in rodent mod-
els. Groot-Wassink et al. performed
high-resolution 124I2 PET studies of
adenoviral delivery of the human NIS
gene in nude mice (13,14). Systemic
administration of NIS recombinant
adenovirus allowed transgene imaging
in the liver, spleen, lungs, pancreas,
and adrenal glands, whereas tumor
xenografts could be detected after
intratumoral injection of the viral
vector. Adenoviral transduction of
human NIS has also been used to
study cardiac and pulmonary gene
transfer in rat models. Lee et al. (15)
used dual-radionuclide scintigraphy
with 123I2 and 201Tl1 to demonstrate
that myocardial NIS expression per-
sisted in rats 4 d after local delivery of
recombinant adenovirus. Washout of
123I from the myocardium was rela-
tively slow, approximately 3.3% per
hour. After introducing an adenoviral
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vector into the lungs of rats, Niu et al.
(16 ) were able to image NIS expres-
sion by 99mTcO4

2 g-scintigraphy and
124I2 small-animal PET until 17 d after
administration.

These proof-of-principle studies sug-
gest that, even in the absence of
organification, the NIS has considerable
potential for transgene imaging and
therapy. To this end, several laboratory
methods have been used to correlate
NIS gene expression and molecular
imaging. Shin et al. (12) found a direct
linear relationship between in vitro
radioiodide uptake (RAIU) and NIS
messenger RNA levels for transfected
CT-26 mouse colon cancer cells. Both
Lee et al. (15) and Niu et al. (16) used
dual-gene adenoviral vectors expressing
NIS and enhanced green fluorescent
protein (EGFP) to evaluate in vivo
transduction. Microautoradiography,
fluorescence microscopy, and NIS im-
munohistochemical staining colocalized
in the myocardia of rats after local
injection of a dual-expressing NIS/
EGFP adenoviral vector (15). Similarly,
99mTcO4

2 uptake and microscopic
fluorescence were clearly detected in
the lungs of rats in which dual NIS/
EGFP recombinant adenovirus had
been distilled via the nostrils (16). After
systemic administration of an NIS
single-gene vector, Groot-Wassink et al.
correlated ex vivo counting of liver
biopsy specimens (14), messenger
RNA concentrations (13,14), and im-
munohistochemical staining (14) with
124I2 imaging in an adenoviral dose-
dependent manner. These studies
demonstrated that PET can provide
quantitative information on NIS gene
expression in living animals.

However, induction of exogenous
NIS expression and detection of its
function can sometimes produce con-
founding results. For example, Niu
et al. (16) did not observe focal uptake
of 99mTcO4

2 in the lungs of NIS
adenovirus-infected rats at 20 d after
administration, even though NIS
messenger RNA was easily detected
by reverse transcriptase polymerase
chain reaction. Reporter gene expres-
sion, as measured by an indirect
laboratory correlate, may not always

translate into functional imaging, and
the relationship between the two
clearly warrants further investigation.
NIS gene transfer can facilitate RAIU
and radiometal mimics, but the extent
of this activity can vary widely
between different cell types, animal
models, and routes of administration.
The mechanisms responsible for these
differences in NIS expression and
function have not been studied pre-
viously.

In this issue of The Journal of
Nuclear Medicine, Vadysirisack et al.
(17) have taken the study of NIS
reporter gene expression and function
a step further, by investigating how
posttranslational processing and cell
trafficking of exogenous NIS affect
RAIU. The authors established
FTC133 human thyroid cancer, HeLa
human cervical carcinoma, and PC12
rat pheochromocytoma cells in which
the NIS transgene was linked to
a tetracycline-responsive transactiva-
tor. Exposure of these cells to
doxycycline resulted in profound up-
regulation of NIS, with concomitant
increases in RAIU. However, efflux of
125I from all 3 cell lines was extremely
rapid, decreasing by 50% in 4 min and
to values ranging from ,30% to
,10% of the initial uptake by 10
min. It was notable that the thyroid
cancer cells showed similar behavior to
nonthyroid tumor cells. Although met-
abolic trapping might be expected, the
thyroid cell line used, FTC133, is
deficient in thyroid peroxidase, a key
enzyme that facilitates iodide organ-
ification. Comparison of FTC133
RAIU and efflux to a matched cell
line lacking NIS but having functional
thyroid peroxidase, as well as to
thyroid carcinoma cells expressing
both NIS and thyroid peroxidase,
would provide useful information on
the relative performance of exogenous
versus endogenous NIS for monitoring
gene activity.

Rapid efflux of 125I notwithstand-
ing, it would also be interesting to
know how NIS would report from one
of these cell lines in vivo. PC12 rat
pheochromocytoma cells are tumori-
genic, affording the opportunity to

evaluate RAIU and efflux in estab-
lished NIS-transduced PC12 allog-
rafts. Even when in vitro washout is
relatively rapid (13), high uptake and
significant retention of radioiodide and
99mTcO4

2 has been observed in ani-
mals bearing NIS-transduced non-
thyroid tumors (12,13). Furthermore,
99mTcO4

2 is used for thyroid imaging
in veterinary medicine and for di-
agnosing incidental clinical findings.
These applications suggest that lack of
organification and trapping in vivo will
not necessarily limit the extension
of NIS transgene targeting to clinical
imaging and therapy of nonthyroid
diseases. However, future develop-
ment of strategies aimed at enhancing
in vivo radioiodide trapping in NIS-
transduced cells could improve both
signal amplification and treatment re-
sponse, making this reporter system
more robust and versatile for combi-
nation gene/radionuclide imaging and
therapy.

A significant advance made by
Vadysirisack et al. (17) in the un-
derstanding of NIS reporter gene
expression and function was the cor-
relation of total protein expression
with cell-surface trafficking. The con-
centration of functional NIS protein at
the cell surface, rather than the total
expression level, determines the de-
gree of NIS-mediated RAIU activity.
This question—that is, what posttrans-
lational processes are critical for
success?—is not often addressed in
the development of imaging reporter
genes. Vadysirisack et al. used a cell-
surface biotinylation approach, fol-
lowed by avidin bead capture and
Western blotting, to distinguish cell-
surface NIS levels from total protein
expression quantitatively. As might be
expected, cell-surface trafficking of
NIS in the 3 cell lines studied was
directly proportional to total synthesis.
However, the forms of cell-surface
NIS versus total NIS differed with cell
type. Total NIS in transduced FTC133,
HeLa, and PC12 cells was observed
predominantly as the fully glycosy-
lated, 90-kDa monomer, with mark-
edly lower concentrations of a 181-kDa
dimer and a 65-kDa partially glycosy-
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lated species. At the cell surface, the
rat PC12 cell line expressed a higher
abundance of the dimer, whereas the
2 human cell lines expressed higher
amounts of the fully glycosylated
monomer. In all 3 cell lines, the
immature, partially glycosylated
monomer appeared to be confined
largely to intracellular compartments.
The form of NIS at the surface may
have functional implications for RAIU
in transduced cells. Interestingly, the
ratio of cell surface monomer to dimer
expression appears to follow the trend
FTC133 . HeLa . PC12, directly
proportional to the observed RAIU
activities of these cell lines. If, indeed,
the monomeric species mediates
RAIU more efficiently than the dimer,
then additional studies to correlate the
form of cell-surface protein expression
with activity could prove useful in
optimizing NIS reporter gene perfor-
mance.

Regardless of the biochemical form
of NIS expressed at the cell surface,
a finding of potential clinical impor-
tance was that moderate increases in
NIS protein expression resulted in
profound increases in RAIU in the
cell lines studied. Moreover, increas-
ing cell-surface NIS expression be-
yond certain levels did not increase
RAIU activity further. Taken together,
these results highlight both potential
advantages and limitations of NIS
reporter gene imaging and therapy.
Low-level cell-surface expression of
NIS protein may afford sufficient
signal amplification and therapeutic
index for efficient transgene/radio-
nuclide imaging and treatment mo-
dalities. Conversely, the ability to
correlate diagnostic or therapeutic
gene expression levels with radio-
iodide concentration may be confined
to a relatively narrow quantitative
range.

For clinical applications, the NIS
may have several distinct advantages

over foreign reporter genes such as
HSV1-tk and luciferase: The NIS gene
product is innate and nonimmuno-
genic; tissue-specific expression of
endogenous NIS is limited; the NIS
mediates selective uptake of chemi-
cally simple and readily available
radiopharmaceuticals; and NIS-medi-
ated radiopharmaceutical kinetics dis-
play rapid target tissue uptake and
background clearance in vivo. The
work of Vadysirisack et al. (17 ) rep-
resents an important step forward in
defining optimal NIS reporter gene
applications. At the same time, this
report raises in a new light several
highly relevant questions about one of
nuclear medicine’s oldest ‘‘players’’:
What other cellular factors, possibly
including the biochemical form of
cell-surface NIS, modulate sym-
porter-mediated RAIU? What is the
optimal NIS cell-surface expression
level for radioiodide targeting, and
how does it vary by tissue type? Can
we exploit these factors to maximize
RAIU and realize the full potential of
the NIS as a reporter? The answers
may soon provide the keys to practical
and effective use of NIS-mediated
gene/radionuclide imaging and ther-
apy in the clinic.
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