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We investigated the feasibility of radioiodine therapy targeting
hepatoma cells (MH3924A) by tissue-specific expression of
the human sodium/iodide symporter (hNIS) gene directed by the
murine albumin enhancer and promoter (mAlb). Methods: The
cell-specific transcriptional activity of mAlb was examined by a
luciferase assay in several transiently transfected cell lines.
MH3924A cells were stably transfected with the recombinant
retroviral vector, in which hNIS complementary DNA expression
was driven by mAlb and coupled to hygromycin resistance gene
using an internal ribosomal entry site (IRES). Functional hNIS
expression in hepatoma cells was confirmed by an iodide up-
take assay. In imaging studies, the tumor-bearing ACI rats were
intravenously injected with 131I and imaged with a g-camera.
Biodistribution was studied at 30 min and at 1, 3, 6, and 25 h
after injection of 131I. Toxic effects of 131I on hepatoma cells
were studied in vitro and in vivo. Results: Stably transfected
MH3924A cells concentrated 125I up to 240-fold higher than the
wild-type cells. The iodide uptake in stably transfected cells
was inhibited by ouabain and sodium perchlorate but increased
by 4,49-diisothiocyanostilbene-2,29-disulfonic acid. An in vitro
clonogenic assay revealed an 86% decrease in colony number
in stably transfected cells after exposure to 3.7 MBq/mL of 131I
and only about 8% in hNIS-negative control cells. Furthermore,
the in vivo study showed intense tracer accumulation in hNIS-
expressing tumors after administration of 131I. At 3 h after intra-
peritoneal injection, the transfected tumors accumulated 131I
19.2-fold higher than the parental tumors in a biodistribution
study. Moreover, administration of a therapeutic dose of 131I
resulted in an inhibition of hNIS-expressing tumor growth,
whereas control tumors continued to increase in size. Conclu-
sion: A therapeutic effect of 131I on hepatoma cells in vitro and
in vivo has been demonstrated after tumor-specific iodide up-
take induced by mAlb-directed hNIS gene expression. Because
a stable transformed cell line has been used in these experi-
ments, the clinical potential of this strategy must be evaluated
after in vivo transfection of hepatoma cells.
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Year 2000 estimates of the incidence of cancer indicate
that primary liver cancer remains the fifth most common
malignancy in men and the eighth in women. The incidence
of hepatocellular carcinoma (HCC) is expected to continue
to increase over the next 2 decades. The geographic areas
at highest risk are located in Eastern Asia, Middle Africa,
and some countries of Western Africa (1). Although surgery
and percutaneous as well as transarterial interventions are
effective in patients with limited disease (1–3 lesions, ,5
cm in diameter), at the time of diagnosis .80% patients
present with multicentric HCC and advanced liver disease
or comorbidities that restrict the therapeutic measures to
the best supportive care. Further, secondary HCC preven-
tion after successful therapeutic interventions needs to be
improved to make an impact on the survival of patients with
HCC (2). Therefore, novel therapeutic strategies, including
gene therapy, are urgently needed.

The sodium/iodide symporter (NIS), which is an intrinsic
membrane glycoprotein with 13 putative transmembrane
domains, plays an important role for the biosynthesis of thy-
roid hormones as it mediates the active transport of iodide
into thyrocytes (3,4). NIS is critical for diagnosis and ther-
apeutic management of thyroid diseases, including thyroid
carcinoma. The cloning of the rat and human NIS genes in
1996 and extensive characterization of the NIS gene paved
the way to novel radionuclide gene therapy strategies (5,6 ).

By targeted transfer and expression of the NIS gene,
radioiodine treatment could be used to treat nonthyroid
malignant disease as well as thyroid carcinoma. Radio-
iodine treatment exerts a bystander effect resulting from
radiation crossfire, leading to the death of NIS-expressing
cells as well as of the neighboring nontransfected cells (7 ).
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In addition, tumor-specific expression of the NIS gene has
been performed with promising results in a variety of
tumors, such as medullary thyroid carcinoma (8), prostate
carcinoma (9,10), colon cancer (11), breast cancer (12), and
neuroendocrine tumors (13). Transduction of NIS into
hepatoma cell lines has also been reported after both stable
plasmid transfection (14) and adenoviral infection using a
nonspecific promoter (15).
Because systemic expression of NIS may cause severe

adverse effects, it is important to manipulate gene expres-
sion such that it is expressed solely in cancer cells, thereby
maximizing tumor-specific radioiodine accumulation and
with minimal nonspecific uptake and radiation-induced
toxic side effects in other organs. This may be done by
specific transfection or by specific expression of the gene
using tissue-specific regulatory elements. Transcriptional
targeting of therapeutic genes reduces extratumoral toxicity
and results in selective, tissue-specific expression of the
therapeutic gene (16).
In the adult, albumin is expressed uniquely in the liver

and in HCC mediated by transcriptional regulation. The
albumin enhancer and promoter have been successfully
used in the past to target expression of therapeutic genes to
tumor tissues that express the protein (17–19).
In this study, we developed a human NIS (hNIS) gene

expression system, based on liver-specific regulatory ele-
ments on a self-inactivating retroviral vector. After transfer
of the hNIS gene into a rat Morris hepatoma cell line
(MH3924A), iodide uptake and efflux were determined
under various conditions, and the therapeutic effect was
evaluated both in vitro and in vivo. The results reported
here demonstrate the potential efficacy of radioiodine ther-
apy of hepatoma after retrovirus-mediated transfer of hNIS
gene under the control of the albumin gene enhancer and
promoter.

MATERIALS AND METHODS

Plasmid Constructs
Recombinant retroviral plasmid pSIRmAlbhNISIVSIREShyg

was constructed by standard plasmid subcloning techniques. In
brief, murine albumin enhancer and promoter (mAlb) was re-
moved from the bluescript vector, which was kindly provided
by Dr. Richard D. Palmiter (20), by restriction digestion using Not
I and BamHI, agarose-gel purified, and ligated into the vector
pSKhNISIVSIREShyg. After restriction digestion with Xba I and
Xho I, a fragment containing mAlb, hNIS, intervening sequence
([IVS] a synthetic intron), internal ribosomal entry site (IRES),
and hygromicin resistance gene was ligated into a bicistronic
retroviral vector based on the pSIR self-inactivating retroviral vec-
tor (Clontech). The self-inactivating vector contains a 176–base
pair deletion in the 39 long terminal repeat (LTR) that removes
retroviral enhancer sequences (21). After reverse transcription, the
39 LTR is copied and replaces the 59 LTR, thereby inactivating the
59 LTR promoter and leaving mAlb as the only promoter and
enhancer that drive the expression of downstream-located genes.

To assess the function and cell specificity of mAlb, the AP1
enhancer and the TATA-like promoter (PTAL) region of pAP1-Luc

(Clontech) were replaced by mAlb with molecular clonal tech-
niques, and pmAlb-Luc containing the luciferase gene under the
control of mAlb was constructed. The plasmid pAP1-Luc was
used as a control vector to monitor transfection and expression
efficiency and to normalize the levels of luciferase expression in
different cell lines.

The resulting recombinant plasmids were purified and their
sequences were confirmed by restriction digestion and DNA se-
quencing. The plasmid concentration was determined by spectro-
photometry.

Cell Culture
The rat Morris hepatoma cell line MH3924A was cultured in

RPMI 1640 medium with glutamax-I supplemented with 20%
fetal calf serum (FCS); the cell line SW1736 (human anaplastic
thyroid carcinoma) was grown in RPMI 1640 medium with
glutamax-I supplemented with 10% FCS. The cell lines MCF-7
(human mammary adenocarcinoma), LCLC-103H (human large
cell lung carcinoma), and the transient packaging cell line
EcoPake293, used for the production of ecotropic retroviral parti-
cles, were cultured in Dulbecco’s modified Eagle medium (DMEM)
with 10% FCS. All cells were maintained at 37�C, in an atmo-
sphere of 95% air and 5% CO2.

Transient and Stable Transfection
Before transient transfections, MH3924A, SW1736, MCF-7,

and LCLC-103H cells were grown to 50%–70% confluency and
transfected with purified recombinant plasmid pmAlb-Luc or
pAP1-Luc using lipofectamine plus reagent (Invitrogen) according
to the manufacturer’s instructions. After transfections, cells were
incubated for 24 h in growth medium followed by measurement of
luciferase activity and the protein content.

To establish hepatoma cell lines stably expressing hNIS gene,
transient packaging of the recombinant retroviral vector was
performed using EcoPack293 cells. After 2 d, the medium con-
taining the retroviral particles was centrifuged and filtered to re-
move detached packaging cells and used for the infection of the
MH3924A cells in the presence of 8 mg/mL Polybrene (Sigma-
Aldrich) overnight. To select for the cells infected with retroviral
particles containing the hNIS gene and hygromycin resistance
gene, the cells were treated with 425 mg/mL hygromycin for 3 wk
until resistant cell lines were established.

Luciferase Assay
Twenty-four hours after transfection with luciferase reporter

plasmid pmAlb-Luc or control plasmid pAP1-Luc, the transiently
transfected MH3924A and control cell lines were washed twice
with phosphate-buffered saline (PBS) and lysed with passive lysis
buffer (Promega). The luciferase activities were measured using
the Dual-Luciferase Reporter Assay System (Promega) according
to the manufacturer’s recommendations. A luminescence reader
Luminoskan Ascent was programmed to perform a 2-s premea-
surement delay, followed by a 10-s measurement period for each
reporter assay. Firefly luciferase activity was assayed by injecting
100 mL Luciferase Assay Reagent II (Promega) into 20 mL
passive lysis buffer lysate. Relative luciferase activity was ex-
pressed as the percentage of pmAlb-Luc value compared with
pAP1-Luc value, normalized to the protein content.

Iodide Uptake and Efflux Studies
The iodide uptake was performed as described previously (22–

24). All experiments were done in triplicate and repeated at least
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twice. A total number of 4–5 · 105 wild-type MH3924A tumor
cells or recombinant cells were incubated in 1 mL culture medium
containing 74 kBq Na125I (Amersham; specific activity, 625 MBq/
mg) for 1 h. The cells were then washed twice with ice-cold PBS
and lysed with 0.3 mol/L sodium hydroxide on ice. The radioac-
tivity in cell lysates was measured using an automated NaI(Tl)
well counter (Cobra II; Canberra Packard). The recombinant cell
line named MHmAlbhNIS, which showed the highest iodide
uptake, was used in the following experiments. The cell counts
were determined in a Coulter Counter (Beckman Coulter). The
cell viability was assessed by trypan blue staining.

To determine the iodide uptake in relationship to the incubation
time, the recombinant cell line MHmAlbhNIS and wild-type
MH3924A cells were cultured with 74 kBq Na125I for 2, 5, 10,
20, or 30 min or 1, 2, or 4 h. Washing and counting were per-
formed as described.

For modulation of the iodide uptake, hNIS-expressing and
wild-type cells were incubated for 1 h in medium containing
Na125I (74 kBq) or Na125I medium supplemented with 50 mmol/L
sodium perchlorate (Sigma), 100 mmol/L of the anion channel
blocker 4,49-diisothiocyanostilbene-2,29-disulfonic acid (DIDS;
Sigma), or 500 mmol/L ouabain (Sigma), an inhibitor of the
Na1/K1-adenosine triphosphatase (Na1/K1-ATPase). Thereafter,
the cells were washed, lysed, and counted as described.

To determine the 125I2 efflux, recombinant cells were incubated
for 1 h with medium containing 74 kBq Na125I. After the cells had
been washed twice, 3 wells were lysed immediately. Fresh non-
radioactive medium was added to the remaining wells. The cells
were again incubated for 10, 20, or 30 min and lysed as described.

To investigate the effect of lithium and DIDS on the 125I2 efflux,
cells were incubated for 24 h with 10 mmol/L lithium chloride
(Merck) or supplementedwith 300mmol/LDIDS just before adding
the 125I2. Thereafter, an efflux experiment was performed as
described above. After incubation for 1 h in the presence of 74
kBq Na125I, the radioactive medium was removed, and the cells
were washed twice and incubated in nonradioactive lithium- or
DIDS-containing medium for 10, 20, or 30 min and lysed.

In Vitro Clonogenic Assay
The procedure was performed as described byMandell et al. (25)

withminormodifications. In brief, cells were grown in a 6-well plate
and incubated for 7 h at 37�Cwith 1 mL culture medium containing
0.925, 1.85, or 3.7 MBq/mL of Na131I. The uptake was terminated
by removing the radioisotope-containing medium and washing the
cells twice with culture medium. The cells were then trypsinized,
counted, and plated at densities of 250 or 1,000 cells per well with
culture medium in 6-well plates. The cells were grown for 8 d, fixed
with 3:1 methanol/acetic acid, and stained with crystal violet
solution (Sigma), and the number of macroscopic colonies was
counted. Parallel experiments were performed for each cell line
usingmediumwithout 131I2, and all valueswere adjusted for plating
efficiency. Survival rate was calculated as the percentage of colony
number in a plate treatedwithNa131I comparedwith the number in a
plate with mock treatment.

Animal Model
The experiments involving animals were performed in compli-

ance with the current version of the national law on the Protection
of Animals. Biodistribution and imaging studies were performed
under general gaseous anesthesia (40% O2/60% N2O/1% halo-
thane). The generation of subcutaneous tumors was performed as

follows: 5 · 106 MHmAlbhNIS tumor cells suspended in 0.1 mL
OptiMEM medium (Invitrogen) were transplanted subcutaneously
into the right thigh and 4 · 106 wild-type MH3924A cells were
inoculated subcutaneously into the left thigh of 6-wk-old male
ACI rats weighing 200–250 g. For therapy experiments, 1 group of
15 rats was inoculated subcutaneously with 5 · 106 MHmAlbhNIS
tumor cells, and a second group of 15 rats was implanted subcuta-
neously with 4 · 106 wild-type MH3924A cells. Each group was
then divided into 3 subgroups in terms of 131I administration—
namely, 5 rats for negative control, 5 rats for intraperitoneal injec-
tion of 131I, and 5 rats for intravenous injection of 131I. Rats with
tumor reaching a volume .8,000 mm3 were euthanized.

Biodistribution of Na131I in Tumor-Bearing Rats
At 30 min and at 1, 3, 6, and 25 h after intraperitoneal ad-

ministration of Na131I (7.4 MBq/rat), the animals were sacrificed.
Tumor, blood, and selected tissues (heart, lung, spleen, liver,
kidney, muscle, brain, bone, skin, stomach, intestine, thyroid gland)
were dissected, blotted dry, weighted, and measured. For radio-
activity measurement, an automated NaI(Tl) well counter (Cobra
II; Canberra Packard) was used. Results are expressed as the
percentage of injected dose per gram (%ID/g) of tissue.

Tumor Imaging
For imaging studies, only animals bearing tumors with a

minimum size of 10 mm in diameter were accepted. After in-
jection of Na131I (7.4 MBq/rat) in 200 mL of 0.9% NaCl into the
lateral tail vein, scintigraphic images were taken using a 15-in
scintillation camera (Searle-Siemens). The time-dependent rela-
tive accumulation of radioactivity in different regions of interest
was monitored dynamically within 30 min after tracer adminis-
tration and static images at 30 min and at 1, 2, 4, and 24 h after
injection were acquired in 5 animals.

131I Therapy In Vivo
A single administration of Na131I (148 MBq /rat) in 200 mL of

0.9% NaCl was injected intraperitoneally or intravenously when
the tumors grew to 0.6–1.0 cm in diameter. The tumor size was
monitored before administration of radioiodine and every 3 d
thereafter by measuring 2 diameters with a caliper and then con-
verted to volume by the formula 4/3 · pr3 (r 5 sum of the
2 diameters divided by 4) (26). All rats were followed for a total of
3 wk and then euthanized.

Statistical Analysis
All experiments were performed in triplicates unless otherwise

indicated. The results are presented as mean 6 SD. Statistical
significance was tested using the Student t test procedure, which
was realized using SigmaPlot version 9.0 (Jandel Scientific).
P values , 0.05 were considered as statistically significant.

RESULTS

Luciferase Assay

To assess the cell-specific transcriptional activity of the
albumin enhancer/promoter a reporter gene assay using
luciferase was performed in several transiently transfected
cells. The transient transfection showed that the mAlb
resulted in preferential expression of luciferase gene in
hepatoma cells, with negligible expression in albumin-
negative cell lines, such as SW1736, MCF-7, and LCLC-
103H (Fig. 1).
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Iodide Uptake Studies

After infection of MH3924A cells with the recombinant
retroviruses and selection with hygromycin, 9 stable cell
lines were established. The range of relative iodide uptakes
among these cell lines was 93- to 240-fold higher than that
of the parental cells. The iodide uptake by MHmAlbhNIS
cells was rapid, reaching a half-maximal level within 5 min
and a plateau at 20–30 min, as shown in Figure 2A. After
incubation for 1 h, up to 240-fold more 125I2 was trans-
ported into the hNIS-expressing hepatoma cells compared
with that of the parental cells.
Figure 2B presents the effect of DIDS, ouabain, and

sodium perchlorate on iodide uptake in MHmAlbhNIS
cells. The specific NIS inhibitor, sodium perchlorate,
showed an inhibitory effect on the iodide accumulation in
the MHmAlbhNIS cells by 93.65% (P , 0.01). Ouabain,
an inhibitor of Na1/K1-ATPase, led to a loss of 89.14% of
the iodide uptake (P , 0.01). However, in the presence of
100 mmol/L DIDS, an anion channel blocker, we observed
an opposite effect, as it increased the iodide accumulation
in the genetically modified cells by 16.15% (P , 0.01).

Iodide Efflux Studies

To determine the iodide efflux, the iodide uptake was
permitted to proceed for 1 h, when a steady-state level of
accumulation was achieved, as is demonstrated by Figure
1A. As shown in Figure 3, the amount of remaining 125I2 in
the MHmAlbhNIS cell lysates was determined as a func-
tion of time after replacement of the uptake medium by
nonradioactive medium. The cellular radioactivity was con-
tinuously released to the medium, resulting in an effective
half-life of approximately 15 min and 80% efflux after
30 min. In the presence of Li1 ion or DIDS, the rapid io-
dide efflux was not postponed. However, the addition of
10 mmol/L lithium led to an inhibition of 50% in the iodide
uptake as compared with cells without lithium.

In Vitro Clonogenic Assay

Using an in vitro clonogenic assay, we investigated
whether 131I2 showed selective cytotoxic activity in NIS-
expressing cells and wild-type cells. As shown in Figure 4,
after treating with 0.925, 1.85, or 3.7 MBq/mL of Na131I

FIGURE 1. Expression of reporter gene (luciferase) driven by
albumin enhancer/promoter in different cell lines. Data are
expressed as mean 6 SD (n 5 3).

FIGURE 2. Time course of iodide uptake by MH3924A and
MHmAlbhNIS cells (A) and modulation of iodide uptake by
DIDS, ouabain, and sodium perchlorate (B). Data are expressed
as mean 6 SD (n 5 3).

FIGURE 3. Iodide efflux from MHmAlbhNIS cells after 1-h
incubationwithNa125I. Data are expressed asmean6SD (n5 3).
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for 7 h, the clonogenic survival rates of MHmAlbhNIS cells
were markedly reduced in a dose-dependent manner to
64.03% 6 3.98%, 41.81%6 2.75%, and 13.74%6 1.57%,
respectively. The survival rates of wild-type MH3924A
cells were 98.18% 6 3.91%, 97.18% 6 1.82%, and
91.98% 6 3.71%, respectively. These data indicate that a
sufficiently high dose of radiation was achieved in NIS-
transfected hepatoma cells to result in cell killing at a dose
that spared parental cells, which are unable to trap 131I2.
The enhanced cell killing of the transfected versus the
wild-type cells maybe due to a steady state of relatively
high radioiodide accumulation resulting from 7 h of con-
tinuous exposure.

Tumor Imaging

Consistent with the data obtained from the in vitro studies,
the hNIS-expressing tumor tissue accumulated 131I2 rapidly
and significantly, leading to scintigraphic visualization,
whereas the control tumor was not visualized (Fig. 5).
Normal NIS-expressing tissues, including those of salivary
gland, thyroid gland, and stomach, were also clearly visible.

Biodistribution of Na131I in Tumor-Bearing Rats

The biodistribution data for 131I2 administered intraper-
itoneally in MHmAlbhNIS- and MH3924A-bearing ACI
rats are summarized in Figure 6. The NIS-expressing
tumors exhibited an increased uptake of 131I2 versus the
parental MH3924A tumors. The quantitation of the 131I2

uptake (%ID/g) in the tumors and various organs was eval-
uated at 30 min and at 1, 3, 6, and 25 h after tracer
administration. In the hNIS-expressing tumors, up to 19.2-
fold higher iodide accumulation was detected at 3 h after
administration when compared with the wild-type tumors,
corresponding to 4.63 6 1.63 %ID/g. The 131I2 uptake in
the wild-type tumors at 3 h after intraperitoneal injection
was 0.24 6 0.02 %ID/g. As a positive control, 42.19 6

8.08 %ID/g could be achieved in the thyroid gland at 3 h

after tracer administration (data not shown). The radioac-
tivity remained quite stable in the NIS-expressing tumors
for 6 h, followed by a decline during the period until 25 h
after tracer administration. We also obtained biodistribution
data after intravenous administration of Na131I. There was
no significant difference in the biodistribution between the
2 routes of administration at the selected time points (data
not shown).

Radioiodine Therapy Study In Vivo

Although the subcutaneous tumors generated in ACI rats
by implanting hepatoma cells infected with the recombi-
nant retrovirus showed no significant shrinkage, the tumor
growth was retarded significantly after treatment with
Na131I, whereas the wild-type tumor rapidly increased in
size (Fig. 7). On the 21st day, the difference in tumor vol-
ume between the 2 treatment subgroups inoculated with
parental and genetically modified cells was statistically
significant. In contrast, the difference of tumor volume

FIGURE 4. Survival rates (%) of MH3924A and MHmAlbhNIS
cells treatedwithNa131I.Dataareexpressedasmean6SD (n53).

FIGURE 5. Whole-body scintigraphic images (anterior view) of
ACI rats subcutaneously transplanted with hNIS-expressing
(right thigh) or wild-type Morris hepatoma cells (left thigh) at
30 min (A), 2 h (B), 4 h (C), and 24 h (D) after intravenous injec-
tion of 131I2. T 5 thyroid; S 5 stomach; NIS 5 NIS-expressing
tumor; WT 5 wild-type tumor.
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between the 2 treatment subgroups administrated intraper-
itoneally and intravenously bearing the same tumor cell line
(MH3924A or MHmAlbhNIS) showed no statistical sig-
nificance, indicating no dependence of treatment effects on
the administration route.

DISCUSSION

Benign thyroid diseases and thyroid cancer can be
effectively diagnosed and treated by radioiodine, which is
due to the expression of thyroid-specific genes such as NIS,
thyroid peroxidase (TPO), and thyroglobulin (Tg). These
proteins lead to trapping and organification of radioactive
iodine in the target tissues. After the cloning of the NIS
gene, several investigators explored the capacity of NIS
gene transfer to induce radioiodine accumulation in non-
thyroidal tumor cells, including hepatoma (14,22,27).
In recent years, a variety of gene therapy approaches

have been examined in hepatoma, such as corrective gene
therapy for the induction of apoptosis, cytoreductive gene
therapy including the herpes simplex virus thymidine
kinase/ganciclovir system, and immunomodulatory gene
therapy using numerous cytokine genes. More recently, the
cloning and characterization of NIS gene provided a pos-
sibility of radionuclide gene therapy for nonthyroid cancers
using NIS gene transfer combined with the application of
radioactive isotopes, such as 131I, 188Re, and 211At (14).
On the other hand, tissue-specific expression of thera-

peutic genes of interest has been proven to be an extremely
attractive strategy in gene therapy. One effective way to
direct transgene expression to specific tissues or tumors is

the use of tissue-specific promoters, thereby maximizing
tissue-specific cytotoxity and reducing extratumoral side
effects. As far as NIS gene is concerned, Kakinuma et al.
(9) and Spitzweg et al. (10) reported radioiodine accumu-
lation and therapeutic effectiveness of 131I in prostate can-
cer cells (LNCaP) after induction of tissue-specific iodide
uptake activity by prostate-specific antigen promoter-
directed NIS expression in vitro and in vivo. Thereafter,
Scholz et al. (11) investigated the feasibility of using
radioiodine therapy in colon carcinoma cells (HCT 116)
after tumor-specific expression of the hNIS using the
carcinoembryonic antigen promoter, and an in vitro thera-
peutic effect of 131I2 has been demonstrated. Herein, tissue-
specific activity of mAlb was demonstrated by transient
expression of a luciferase reporter gene in several cell lines.

In the current study we chose hepatoma as a tumor model
unresponsive to 131I2 therapy due to the lack of iodide
uptake to investigate the potential of NIS gene transfer as a
therapeutic strategy. To target NIS gene expression to
hepatoma cells, the mAlb were applied to direct the hNIS
gene expression. Because the albumin gene is regulated in a
tissue-specific manner, the albumin promoter together with
its enhancer represents an ideal means for hepatoma cell–
specific gene expression and, therefore, has been used in a
variety of studies to target therapeutic gene to hepatoma
(16–19). The combination of the albumin promoter/
enhancer with a retroviral vector system, which infects
only dividing cells, ensures that normal liver cells are not
affected.

The results presented here show that the albumin en-
hancer and promoter are capable of driving functional NIS

FIGURE 6. Biodistribution of radio-
tracer at different times after intraperito-
neal administration of Na131I in ACI rats
bearing MH3924A and MHmAlbhNIS tu-
mor cells. Data are expressed as mean
%ID/g 6 SD (n 5 3). WT 5 wild-type
tumor (MH3924A).
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expression. We observed perchlorate- and ouabain-inhibitable
iodide uptake up to 240-fold over that of the wild-type cells.
Although, as mentioned previously, there have been other
studies using the albumin gene enhancer and promoter to
target therapeutic genes to a variety of tumor types, NIS
provides a significant advantage, as it allows for noninvasive
123I, 124I, 131I, or 99mTc imaging to confirm correct targeting
of the gene before proceeding to radionuclide therapy. In
vivo investigations confirmed the potential of this construct
for the imaging of NIS expression in hepatoma.
Finally, the amount of accumulated 131I2was shown to be

sufficiently high to elicit a significant dose-dependent ther-
apeutic effect in an in vitro clonogenic assay with a selective
killing effect of approximately 86% of NIS-expressing
hepatoma cells as compared with only 8% of parental cells
at the radioactive concentration of 3.7 MBq/mL. Our data on
131I2 therapy in vivo demonstrated inhibition of tumor
growth after hNIS gene transfer combined with intraperito-
neal or intravenous administration of a single therapeutic
dose of 131I2. These data suggest that the intratumoral
radioiodine concentration compensated the low biologic

half-life to a certain degree, thereby achieving a therapeuti-
cally effective radiation dose in the NIS-expressing tumors.
In addition, the energy emitted by 131I2 accumulated in
NIS-expressing cells through b-particles may result in a
substantial crossfire effect. Further, we found no difference in
therapy effects between the intravenous and the intraperito-
neal application, indicating no dependence of treatment
effects on the administration route.

However, as shown in the iodide efflux experiments,
125I2 in the genetically modified cells is continuously
released into the medium, resulting in an effective half-life
of 15 min, which could not be postponed by the presence of
Li1 ion or DIDS. The short retention time of radioiodide
observed in cells in culture and xenografts, combined with
the relatively long physical half-life of 131I, probably results
in an insufficient absorbed dose for successful tumor
eradication.

Fortunately, in addition to iodide, several anions, such as
ClO2

4 , ReO
2
4 , SCN

2, ClO2
3 , and Br

2, are transported by NIS
(28). It has been reported that NIS-expressing tissues and
cells could concentrate pertechnetate (TcO2

4 ), perrhenate
(ReO2

4 ), or astatide (At2). Some research groups have
proposed to use 188Re-perrhenate in the treatment of NIS-
expressing tumors as an alternative to 131I (29), because
188Re-perrhenate is a powerful b-emitting radiometal and is
conveniently obtained from an 188W/188Re generator. More-
over, 188Re-perrhenate has excellent physical properties and
emission characteristics.

Furthermore, astatine, the heaviest of the halogens,
exhibits a pronounced accumulation in the thyroid gland
in halide form and in the stomach (30). The use of ra-
dionuclides with similar chemical properties and more
favorable physical properties, such as a higher linear energy
transfer and shorter physical half-life, should result in an
increased radiation dose and, thus, enhanced efficacy.
Another advantage of a-particle therapy is that cell survival
is independent of the dose rate, which is of particular
significance in relation to the rapid uptake and efflux
kinetics of radiohalides in NIS-expressing cells lacking an
organification mechanism. Because we observed a stable
accumulation of iodine during the first 6 h after tracer ad-
ministration, 211At may be a promising treatment strategy
for the therapy of NIS-expressing tumors as suggested by
others (31,32). However, the short tissue range of the
a-particles represents a disadvantage in larger tumors, where
heterogeneity in hemodynamics as well as heterogeneity of
the transgene expression levels is found. This problem is
even more pronounced in face of the low, and possibly
varying, transfection efficiency of viral vectors in vivo.
Therefore, 211At is suggested for minimal disease situations
where tumor burden is lowest, such as micrometastasis or
residual tumor margins after surgical debulking. Carlin et
al. (32) observed a higher nonspecific uptake of 211At than
131I in cells lacking NIS expression, which contributed to a
lower absorbed dose ratio between NIS-transfected and
nontransfected cells. This may result in a higher dose in

FIGURE 7. Antitumor effect of hNIS expression combined
with radioiodide administration in ACI rats injected subcutane-
ously with wild-type MH3924A cells (A) or MHmAlbhNIS tumor
cells (B). Data are expressed as mean 6 SD (n 5 5).
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nontarget tissues. Furthermore, biodistribution studies with
211At showed a significantly higher uptake in lung and
spleen with concerns over radiotoxicity in these tissues.
The use of other radionuclides such as 188RO4 or 125I has

been studied by Shen et al. (33). The authors found a pro-
longed survival of glioma-bearing rats when using 188RO4,
which was explained by the greater energy release in a short
time interval. A combination of Auger and b-emission may
profit from multiple emission ranges that span variations in
tumor size and circumvent a nonuniform absorbed-dose
distribution. A cocktail approach using 296 MBq (8 mCi)
of each 125I and 131I was found to be as effective as 592
MBq (16 mCi) 131I.
Alternative methods of targeted delivery of radioactivity

to cancer cells involve conjugation of radionuclides to
agents that have specific affinity for tumor markers. Gene
transfer has been used to induce tumor cells to express ele-
vated levels of surface antigens, receptors, or transporters to
enhance targeting by radiolabeled antibodies, peptides, or
metaiodobenzylguanidine, respectively (34–36 ). Unlike
these schemes for radionuclide targeting, Na131I therapy
requires no radiochemical synthetic procedure. In contrast
to antibodies, radioiodine is nonimmunogenic and has ideal
diffusion properties. Whereas tumor targeting using radio-
labeled antibodies and peptides has just recently reached
the clinical application, the administration of Na131I has for
a long time been proven to be effective in the eradication or
control of thyroid carcinoma. Therefore, NIS gene transfer,
followed by radioiodine administration, allows the possi-
bility of treatment of hepatoma in a manner analogous to
the highly efficacious treatment of differentiated thyroid
carcinoma with radioiodide. Because intense accumulation
of the tracer is expected to occur in the thyroid, clearly an
ablation of the thyroid has to precede a radioiodine treat-
ment for hepatoma.
It is very unlikely that gene therapy technology will

achieve 100% transfection of cells in a tumor in situ. There-
fore, 2 types of effects are important with respect to en-
hancement of therapeutic efficacy (37): the cross-fire effect
on cells that are not accumulating the tracer and the radiation-
induced bystander effect (RIBE). RIBE describes a situation
in which cells that have not been directly exposed to ionizing
radiation behave as though they have been exposed: they die
or show chromosomal instabilities or other abnormalities.
Although the exact mechanism of RIBE is unclear, there is
evidence that chemical signaling processes transmit infor-
mation from irradiated cells to neighboring cells. Therefore,
these effects are an important requirement for effective gene
therapy, particularly when transfection efficiencies are low.
Because the radiologic bystander effect resulting from radi-
ation crossfire provides exciting possibilities (7,38), an in
vivo transduction using this recombinant retrovirus or other
viral vectors to test the feasibility of this radionuclide gene
therapy strategy toward clinical application must be per-
formed in further studies. However, these will rely on the
improvement of currently available vector systems.

CONCLUSION

Tumor-specific radioiodine accumulation and therapeutic
effectiveness of 131I on hepatoma cells have been observed
in vitro and in vivo after mAlb-directed hNIS transfer and
expression via a recombinant self-inactivating retroviral
vector. This study demonstrates the potential of hNIS as a
therapeutic gene allowing radioiodine therapy for hepatoma
after tissue-specific gene transfer. Because a 100% trans-
fection rate in vivo is very unlikely, further efforts must con-
centrate on the improvement of the gene delivery systems.
Future studies will focus on enhancing the therapeutic
effects via combination treatment using antiangiogenesis
agents or chemotherapy.
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