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Thyroid carcinoma represents the most common endocrine malignancy, accounting for
the majority of deaths from endocrine cancers. Conventional therapy consists of surgical
resection, radioiodine (I-131) therapy and TSH-suppressive thyroxine treatment. However, 10-
20% of patients die from advanced differentiated and anaplastic tumors, and a high proportion
of medullary thyroid cancers have a poor prognosis. Therefore, the development and evaluation
of novel treatment strategies, including gene therapeutic approaches, are urgently needed. Gene
therapy is particularly attractive for the treatment of thyroid cancer because of the possibility of
selective targeting of therapeutic genes to tumor cells by application of tissue-specific
promoters, such as the thyroglobulin and calcitonin promoter, thereby reducing extratumoral
toxicity. In addition, with the possibility of complete thyroid hormone replacement therapy the
thyroid gland represents a ‘dispensable‘ organ, which allows to pursue therapeutic strategies,
including gene therapy, that might kill malignant as well as normal thyroid cells. The term gene
therapy encompasses a range of approaches, such as

e Corrective gene therapy: to restore the normal function of a deleted or mutated gene

(usually a tumor suppressor gene) or negate the effect of a tumor promoting gene
(oncogene)

e Cytoreductive gene therapy: to deliver an exogenous gene that causes cell death or

allows the application of cytotoxic agents

e Immunomodulatory gene therapy: to induce gene expression that enhances immune

responses against tumor tissues
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In the following the most promising and well studied gene therapy strategies for thyroid
cancer will be summarized, including gene transfer of the sodium iodide symporter (NIS) to

restore radioiodine (I-131) uptake in thyroid cancer cells.

Corrective gene therapy

Most poorly differentiated thyroid tumors have lost expression of the normal pS3
tumor suppressor gene through inactivating mutations. The mutations in the p53 gene seem
to be a late genetic event associated with loss of differentiation and are at least in part
responsible for the aggressive behaviour of these tumors. Expression of wild-type tumor
suppressor gene pS3 (wt-p53) in a p53-null thyroid carcinoma cell line (FRO) resulted in
inhibition of tumorigenesis and suppression of neovascularization (1). In another study,
retroviral p53 gene transfer into p53 mutant papillary thyroid cancer cells (NPA) resulted in a
dose-dependent inhibition of tumor growth and enhanced chemosensitivity to adriamycin in
vitro and in vivo (2). Using a replication-deficient adenovirus expressing wild-type tumor
suppressor gene pS3 (wt-p53), Nagayama et al. showed a cell killing effect in four human
anaplastic thyroid cancer cell lines (ARO, FRO, NPA, WRO) in vitro and in vivo by induction
of apoptosis. In addition, wt-p53 expression sensitized some of the cell lines to the
chemotherapeutic effect of doxorubicin (FRO and NPA cells) and 5-fluorouracil (FRO cells)
(3). To develop an adenoviral gene transfer system that replicates exclusively in wt-p53-
deficient thyroid carcinoma cells, Nagayama et al. employed the ,,gene inactivation strategy*
using a p53-regulated Cre/loxP system (4). Another more recent study by Imanishi et al.
indicated that the histone deacetylase inhibitor depsipeptide enhances apoptotic killing by p53
gene transfer in anaplastic thyroid cancer cell lines (FRO and WRO cells), suggesting that this
combination treatment strategy might be useful in the treatment of undifferentiated thyroid

carcinomas (5).
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Cytoreductive gene therapy

A common strategy for cytoreductive gene therapy is the suicide gene/prodrug
strategy Herpes simplex virus thymidine kinase/ganciclovir. Expression of herpes simplex
virus thymidine kinase (HSV-tk) in tumor cells followed by application of ganciclovir (GCV),
which is phosphorylated by HSV-tk and competes with deoxyguanosine triphosphate in DNA
polymerization, results in arrest of DNA synthesis and cell death. To minimize extratumoral
toxicity thyroid-specific promoters, such as the thyroglobulin (Tg) promoter, have been
used to target the suicide gene to thyroidal cells. Nishihara ef al. demonstrated a therapeutic
effect of ganciclovir in thyroid carcinoma cell lines FRO and WRO following retrovirus-
mediated HSV-tk gene transfer, which was associated with a significant bystander and
radiosensitizing effect (6). Braiden et al. successfully used the thyroglobulin promoter to
target the HSV-tk gene to Tg-expressing thyroid carcinoma cells (7). Nagayama et al.
enhanced the therapeutic efficacy of the HSV-tk/GCV system driven by the Tg promoter by
combining it with the Cre/loxP system (8). Zhang et al. performed adenovirus-mediated HSV-
tk gene transfer under the control of the Tg promoter, and demonstrated a high level of tissue
specificity for Tg-expressing cell lines in vitro with low in vivo toxicity after systemic
application of the adenovirus (9). In rat medullary thyroid cancer cells (rtMTC) the HSV-
tk/GCV system was limited by a low bystander effect in vitro, which correlated well with the
antitumor efficacy in vivo (10). In a more recent study, Zhang et al. evaluated the
effectiveness of adenovirus-mediated HSV-tk/GCV therapy driven by the Tg promoter
(AdrTgtk/GCV) in a human Hurthle cancer cell line (XTC-1). A significant therapeutic effect
was shown in vitro as well as in vivo with low in vivo toxicity of AdrTgtk/GCV compared
with an adenovirus carrying the noncell-specific CMV promoter (AdACMVtk/CGV) (11).
Strategies to enhance Tg promoter activity by treatment with histone deacetylase inhibitors,
and to extend its applicability to poorly differentiated and anaplastic thyroid cancer with lost

Tg expression by cotransfection with TTF-1 and PAX-8 have also been successfully
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evaluated (12-15). Taken together, in vitro as well as in vivo experiments in several follicular-
cell-derived and medullary thyroid cancer cell lines have clearly demonstrated a therapeutic
effect of the HSV-tk/GCYV strategy, which therefore seems to be a very promising therapeutic

approach for future therapy of advanced thyroid cancer.

Immunomodulatory gene therapy

Local expression of certain cytokines is able to elicit an immune response against the
tumor by stimulating surrounding immunocompetent cells, targeting cytotoxic T cells and
natural killer cells, thereby inducing rejection of tumor cells. Cytokines with antitumor
activity include interferon-y, tumor necrosis factor-a, interleukin-2 (IL-2) and interleukin-12
(IL-12).

IL-2 has been used in various studies for genetic immunotherapy of thyroid cancer.
Zhang et al. used a replication-defective adenovirus harboring the IL-2 gene for treatment of
medullary thyroid tumors in mice and rats. Intratumoral injection of the adenovirus resulted in
tumor regression in smaller tumors and tumor stabilization in larger tumors with low in vivo
toxicity after systemic application of the adenovirus. The antitumor effect was shown to be
dependent on cytotoxic T lymphocyte activity against the tumor, which also prevented tumor
growth after reinjection of tumor cells indicating development of long-term antitumor
immunity (16, 17).

To further enhance the therapeutic efficacy in thyroid cancer, the combination of
suicide and immunomodulatory gene therapy has been evaluated by several groups (18-
21). Zhang et al. developed an adenovirus expressing both HSV-tk and human IL-2
(AdCMVTKhIL2), which was shown to have an antitumor effect in rat medullary thyroid
tumors after intratumoral injection superior to that of each single vector. In addition, a
systemic and long-term antitumor immunity was established in most rats after intratumoral

injection of AACMVTKAhIL2 (19). Barzon et al. employed a retroviral vector for combined
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transfer of the human IL-2 and the HSV-tk gene in differentiated and anaplastic thyroid
carcinoma cells and showed an enhanced therapeutic effect compared with IL-2 alone (21).
To further optimize this therapeutic approach, a transcriptionally targeted retroviral vector
was generated replacing the viral enhancer with the enhancer sequence of the human Tg gene,
which allowed selective transgene expression and cell killing in differentiated thyroid tumor
cells, but not in anaplastic thyroid carcinoma cells and nonthyroid cells (20).

As another cytokine with antitumor activity, IL-12 causes proliferation of natural
killer cells and CD8+ T cells, and activation of macrophages. Zhang et al. generated an
adenovirus carrying two subunits of the murine IL-12 gene and showed efficient antitumor
activity after intratumoral injection of the adenovirus in rat medullary thyroid tumors with
development of long-term antitumor immunity (22). Using the same adenovirus, a significant
therapeutic effect with long-term antitumor immunity was also demonstrated in a rat thyroid
follicular cancer cell line in vivo after intratumoral injection of the virus. /n vivo toxicity was
low after intratumoral or systemic application of the adenovirus, and in rats with two tumors,
injection of the adenovirus in one tumor resulted in antitumor activity in the injected as well
as noninjected tumor (23). With the aim of tissue-specific antitumor activity in medullary
thyroid cancer derived from calcitonin-secreting thyroidal C cells, another adenovirus was
generated in which the two subunits of the murine IL-12 gene were linked to a modified
calcitonin-promoter. IL-12 was selectively expressed in rat medullary thyroid carcinoma cells
resulting in a significant therapeutic effect in medullary thyroid tumors in rats after
intratumoral injection of the adenovirus. Tissue-specific IL-12 gene transfer was also
associated with development of long-term antitumor immunity and low in vivo toxicity after
local and systemic adenovirus application. Moreover, intratumoral injection of the adenovirus

induced antitumor activity in injected as well noninjected tumors in the same rat (24).
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Taken together, immunomodulatory gene therapy, in particular in combination with
suicide gene therapy, seems to be an effective therapeutic approach for treatment of follicular-

cell derived and medullary thyroid cancer.

NIS gene therapy

As an intrinsic plasma
membrane glycoprotein,
the  sodium  iodide
symporter (NIS)
mediates  the  active

transport of iodide at the

basolateral membrane of

Thyroid Follicular Cell

basolateral apical
Fig. 1: Schematic illustration of the key aspects of iodine transport in the
thyroid gland. TSHR, TSH receptor; NIS, sodium iodide symporter; TPO,

thyroid peroxidase; Tg, thyrogobulin. NIS  cotransports  one

thyroid follicular cells.

iodide ion against its electrochemical gradient together with two sodium ions along their
electrochemical gradient (Fig. 1) (25). Functional NIS expression in the thyroid gland is
responsible for thyroidal accumulation of iodide, an essential constituent of the thyroid
hormones T3 (triiodothyronine) and T4 (thyroxine). The unique property of thyroid
follicular cells to trap and concentrate iodide due to expression of NIS allows imaging as
well as highly effective therapy of differentiated thyroid carcinomas and their
metastases by administration of radioiodine, thereby improving the prognosis of thyroid
cancer patients significantly (26). Differentiated thyroid carcinomas are usually treated by
total or near-total thyroidectomy followed by 131-I ablation of the thyroid remnant and occult
microscopic carcinomas. Subsequent postablative 131-I total body scanning can diagnose
local and metastatic residual and recurrent disease. Therapy with 131-I has been successfully

used for over 40 years in the treatment of differentiated thyroid cancer. Recurrence rates are
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significantly higher in patients treated with surgery and thyrotropin suppression by thyroxine
alone compared to those who also receive radioiodine treatment (26). The efficacy of
radioiodine therapy is reflected in the low mortality of patients suffering from metastatic
thyroid cancer who are treated with 131-1 (3%) as compared to those who are not (12%). Even
young patients with diffuse pulmonary metastases at initial presentation can be successfully
treated by 131-1, achieving a 10 year survival of over 80% (26). Thyroidal NIS expression
therefore opens the door to effective cancer therapy which is remarkably free of serious
adverse affects.

The recent cloning and characterization of the NIS gene (27, 28) has paved the way for
the development of a novel cytoreductive gene therapy strategy for the treatment of
thyroidal and extrathyroidal malignancies based on NIS gene transfer followed by
radioiodine therapy. Targeted expression of functional NIS in cancer cells would enable
these cells to concentrate iodide from plasma, and would, therefore, offer the possibility of
radioiodine therapy (Fig. 2). Since cloning of the NIS gene in 1996 several investigators
explored the capacity of NIS gene transfer into nonthyroidal tumor cells to induce radioiodine
accumulation thereby allowing radioiodine therapy of extrathyroidal malignancies. Using
different gene delivery techniques, including electroporation, liposomes, adenoviral and
retroviral vectors, radioiodine accumulation was induced in vitro and in vivo in a variety of
cancer cell lines (glioma and neuroblastoma cells, melanoma, cervix, breast, lung, liver, colon
and ovarian carcinoma cells) by NIS gene delivery (29-35). In addition, prostate cancer
(LNCaP) cells were shown to be selectively killed by accumulated 131-I following induction
of tissue-specific iodide uptake activity by prostate-specific antigen (PSA) promoter-directed
NIS expression in vitro (36, 37). lodide accumulation was confirmed in vivo in LNCaP cell
xenografts in athymic nude mice and was high enough to allow a therapeutic effect of 131-1 in
vivo. A single therapeutic *'I dose of 3 mCi was administered and shown to elicit a dramatic

therapeutic response in NIS-transfected LNCaP cell xenografts with an average volume
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reduction of more than 90%

(37). As a next crucial step

towards therapeutic
Sodium iodide symporter (NIS) apphcatlon of NIS gene
Targeted NIS gene delivery delivery followed by
2 . . . .
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Fig. 2: NIS and its role as novel diagnostic and therapeutic gene LNCaP cell tumors. Following

intraperitoneal injection of a
single therapeutic dose of 3 mCi BT four days after adenovirus-mediated intratumoral NIS

gene delivery, LNCaP xenografts showed a clear therapeutic response with an average
volume reduction of more than 80% (38). These studies clearly show for the first time that
NIS gene delivery into non-thyroidal non-organifying tumor cells is capable of inducing
accumulation of therapeutically effective radioiodine doses, and might therefore
represent an effective and potentially curative therapy for extrathyroidal tumors.

While in differentiated thyroid cancer functional NIS expression allows effective
therapy with radioiodine, patients with poorly differentiated thyroid cancer with low TSH-
stimulated NIS expression levels do not benefit from radioiodine therapy due to insufficient
radioiodine accumulating activity. In these patients NIS gene transfer could be used to restore

radioiodine accumulation thereby reestablishing effective radioiodine therapy. Early
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studies in transformed rat thyroid cells (FRTL-Tc) without iodide transport activity showed
that transfection with rat NIS ¢cDNA using electroporation is able to restore radioiodine
accumulation in vitro and in vivo (39). More recently, stable transfection of a NIS-defective
follicular thyroid carcinoma cell line with the NIS gene was able to reestablish iodide
accumulation activity in vitro and in vivo (40). In the same NIS-transfected follicular thyroid
carcinoma cell line, thyroid ablation and low-iodide diet were able to increase the biological
half-life of accumulated radioiodine in vivo leading to postponed xenotransplant development
in nude mice after administration of a therapeutic dose of 2 mCi 131-I (41). These studies
show that NIS gene delivery into thyroid cancer cells is capable of restoring radioiodine
accumulation, and might therefore represent an effective therapy for dedifferentiated thyroid
tumors that lost their iodide accumulating capacity.

Further, a therapeutic effect of radioiodine has been demonstrated in medullary thyroid
cancer cells following induction of tissue-specific iodide uptake activity by calcitonin
promoter-directed NIS gene transfer in vitro (Cengic et al. and Baker et al., 75" Annual
Meeting of the American Thyroid Association).

Taken together, these studies demonstrate the potential of NIS as a novel therapeutic
gene allowing radioiodine therapy of dedifferentiated follicular cell-derived thyroid

carcinomas and medullary thyroid cancer following NIS gene transfer.
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