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ABSTRACT 

Thyroid cancer is the most common endocrine malignancy and exhibits the M l 

range of malignant behaviors from the relatively indolent occult differentiated thyroid 

cancer to uniformly aggressive and lethal anaplastic thyroid cancer. Iodine is a well 

known key element in thyroid normal function maintenance and thyroid cancer 

development. However, the mechanisms of iodine in thyroid cancer cells development 

are limited. Recent researches have indicated that iodine could induce cancer cells 

apoptosis, staying clear from the dysfunction of iodide-specific transportation systems 

in thyroid cancer cells. Thus, iodine-induced apoptosis may be an effective pathway 

for iodine to affect thyroid cancer development, but we know little about them. 

This reseach firstly investigated iodine-induced apoptotic effects and the 

underlying mechanism in thyroid cancer cells. Results indicated that apoptosis 

induced by iodine, especially at high dose of iodine (100 JIM), was 

mitochondrial-mediated, with the loss of mitochondrial membrane potential, Bak 

up-regulation, caspase 3 activation and cytochrome C release from mitochondria. 

Iodine treatment decreased the level of mutant p53 including the R273H mutant that 

possesses anti-apoptotic features while increased the p21 level. The block of p21 

significantly prevented iodine-induced apoptosis. High doses of iodine also stimulated 

the transient activation of the subfamily members of MAPKs (ERK1/2, p38 and 

JNK1/2). The results showed the three subfamily members of MAPKs all worked as 

anti-apoptotic factors. Surprisingly, high doses of iodine promoted instead of 

suppressed the expression of anti-apoptotic protein Bcl-xL expression. The increase 



of Bcl-xL was likely to compensate the damage induced by iodine since the inhibition 

of Bcl-xL accelerated iodine-mediated apoptosis. Collectively, iodine induced 

mitochoiidrial=niediated apoptosis in thyroid cancer cells. This apoptotic pathway was 

involved in the activation of MAPKs pathways, which may subsequently up-regulate 

p21, Bcl-xL, and down-regulate anti-apoptotic mutant p53 expression. The findings 

provide solid molecular evidence to explain the epidemiological observation that 

iodine insufficiency promotes the thyroid tumor development. It may also reveal some 

novel molecular targets for the treatment of thyroid cancer. 

To further explore iodine on the apoptotic effects of chemotherapeutic agents in 

thyroid cancer, anaplastic thyroid cancer cell line ARO was used. Anaplastic thyroid 

cancer is lethal because of its rapid progression and poor response to chemotherapy 

and radioiodine therapy. The study examined the effect of moderate dose of iodine 

(50 jxM) on the apoptosis of ARO cells treated with doxorubicin (Dox) and hi stone 

deacetylase inhibitor sodium butyrate (NaB). The cytotoxic effect of either Dox or 

NaB alone was limited, but co-administration of NaB and Dox (NaB-Dox) 

significantly increased mitochondrial-mediated apoptosis. The effects of iodine to 

apoptosis-induced by the two agents were diversified. Iodine reduced the apoptosis 

induced by Dox or NaB-Dox but promoted apoptosis induced by NaB. To explain this 

diversifying finding, the experiment found that iodine exaggerated NaB-mediated 

Bcl-xL down-regulation. In contrast, it reduced the effect of Dox on the decrease of 

Bcl-xL expression. Further experiments showed that iodine regulated the level of 

Bcl-xL in ERK- or/and p38-related pathways. The balance between ERK and p38 

may determine the iodine-modulated Bcl-xL expression. The high ERK/p38 activity 
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ratio up-regulated Bcl-xL and enabled the tumor cells to resist chemotherapy, whereas 

the low ERX/p38 down-regulated Bcl-xL and sensitized the tumor cells to 

chemotherapy�Talkeii together, iodine plays a critical role in apoptosis of thyroid 

cancer cells induced by chemotherapeutic agents. The balance between ERK and p38 

may determine cell survival and death through modulating Bcl-xL expression in 

thyroid cancer cells. The findings provide some new insights into the roles of iodine 

in chemotherapeutic agents-induced apoptosis in thyroid cancer cells. 

To summarize, iodine-induced apoptotic effects on thyroid cancer cells is a key 

pathway for iodine to influence thyroid cancer development and chemotherapy. 

Meanwhile MAPKs-related mutant p53, p21 and Bcl-xL expression are critical in 

deciding thyroid cancer cells survival and death�Moreover，Iodine can influence 

chemotherapeutic agents-induced apoptosis through ERK/p3 8-mediated Bcl-xL 

expression. 



摘 要 

甲狀腺癌是發病率最高的内分泌系統腫瘤，并且其預后隨著甲狀腺癌種類 

的不同而差異顯著。分化較好的甲狀腺癌預后極好，甚至可以治愈。而未分化甲 

狀腺癌則預后極差，生存期僅數月。碘作為人體内必需元素之一，與甲狀腺癌的 

發生密切相關，同时放射性碘（
1 3 1

1)被廣泛應用于甲狀腺癌的診斷和治療。但 

是目前對于碘在甲狀腺癌的發生、發展以及治療的研究卻非常有限，其機理也不 

清楚。近來的研究表明，碘即使在碘離子轉運蛋白系統功能存在缺陷的情況下也 

可以誘導腫瘤小寳凋亡。因此碘誘導的凋亡效應可能是碘參與甲狀腺癌發生、發 

展的一條重要途徑，但是其作用機理仍不清楚。 

本文首先研究碘（12)誘導甲狀腺癌細胞的凋亡效應及其發生機理。研究發 

現：碘處理后的甲狀腺癌細胞Bak表達增加，膜電位明顯降低胞漿中細胞色素 

C增加，并且caspase3激活，最終導致細胞凋亡。这种现象在高剂量碘（100 pM) 

的情况下尤为明显。此结果證明碘可以通過線粒體介導的凋亡途徑誘導甲狀腺癌 

細胞凋亡。研究同时發現：碘處理可以明顯降低甲狀腺癌細胞中突變型p53的表 

達，但是卻可以增加p21的表達。同時，高剂量碘可以激活MAPKs通路，包括 

ERK1/2，p38 and JNK1/2�隨后的實驗中證實三者均具有抗凋亡作用。值得注意 

的是：抗凋亡分子Bcl-xL在高剂量碘誘導的凋亡過程中并不降低，相反，增加 

明顯。综合以上研究表明碘可以通過線粒體介導的細胞凋亡途徑誘導細胞凋亡， 

并且通過抗凋亡通路的MAPKs調節凋亡相關分子突變型p53，p21以及Bd-xL 

的表達从而達到調節凋亡目的。這一結果為流行病學研究所得的結論一低劑量碘 
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攝取促進甲狀腺癌進展提供了分子學證據同時也可能為甲狀腺癌的進一步治療 

提供了新的治療靶分子。 

為了進一步探明碘在甲狀腺癌化療所誘導的凋亡中的作用，本研究以惡性 

程度最高的未分化型甲狀腺癌作為研究對象研究中用甲狀腺癌化療常用藥物阿 

霉素（Dox)和新近使用的組蛋白脱乙酰基酶抑制劑類的丁酸鈉（NaB)單獨或 

者聯合誘導甲狀腺癌細胞凋亡，并觀察適當剂量的碘（12，50 p M )對這些化療 

藥物所誘導凋亡的影響。結果顯示單獨使用Dox或者NaB诱导的癌細胞死亡率 

均較低，而兩者聯合使用（NaB-Dox)可以大大提高藥物的的抗腫瘤效用。碘對 

于這兩種藥物的影響也截然不同：碘抑制Dox和NaB-Dox誘導的凋亡效應，卻 

明顯促進NaB誘導的凋亡效應。進一步的研究表明，碘進一步促進NaB降低 

Bcl-xL表達的能力，而削弱Dox降低Bcl-xL表達的能力。進一步的實驗證明這 

些不同的反應是通過ERK和/或p38調節的Bcl-xL的表達而实现。ERK和p38 

之間的平衡決定了 Bd-xL的表達：ERK/p38活性比例較高時Bcl-xL增加，腫瘤 

細胞則易于抵抗凋亡；而ERK/p38活性比例較低時Bd-xL表達則降低，腫瘤細 

胞就易于凋亡。因此，碘通過調節ERK/p38介導的Bcl-xL表達从而達到調節化 

療藥物的作用。這一結果证实了碘在甲狀腺癌化療中具有重要意义。 

總之，凋亡是碘參與甲狀腺癌發生和治療的一條關鍵途徑。其中MAPKs 

介導的p53，p21和Bcl-xL表達則是碘影響甲狀腺癌細胞增值和凋亡的重要分 

子。而在甲狀腺的化療中，碘又可以通過ERK/p38介導Bcl-xL表達而影響甲狀 

腺癌的治療效果。 
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CHAPTER I: GENERAL INTRODUCTION 



1.1 Thyroid cancer 

Thyroid cancers arising from follicular cells have classically been classified into 

following categories: papillary thyroid cancer (PTC), follicular thyroid cancer (FTC), and 

undifferentiated or anaplastic thyroid cancer (ATC). Of the three, PTC is the most 

common and accounts for more than 80% of thyroid cancers, while FTC for 

approximately 10% and ATC for about 1-2%. PTC and FTC are generally regarded as 

well-differentiated thyroid cancers (DTC) and ATC is undifferentiated thyroid cancer 

(UTC) (Sherman, 2003). 

loLl Sncideuc© 

Thyroid cancer accounts for 1% of all human cancers diagnosed worldwide, with 

about 2.59% of all new malignant tumors diagnosed annually (Jemal et al.，2008). It is 

rare compared to other cancers, but is the most common endocrine malignancy. Recently, 

the worldwide incidence of thyroid cancer has increased over a period of several decades 

in various countries (Kilfoy et al., 2009b), notably in the United States (Davies and 

Welch, 2006), Canada (Liu et al., 2001) and France (Colonna et al., 2007), although the 

advantage in the pathologic method for tumor detection may partly contribute to the 

higher incidence (Grodski et al., 2008). 



1.1.2 Risk factors 

Epidemiology studies on thyroid cancer incidence and histological analysis have 

been widely used to locate risk factors. Several associated risk factors in thyroid cancer 

generation or development have been identified, for instance, age, gender, radiation 

exposure, and iodine deficiency, which will be described in detail as follows. 

Thyroid cancer is the most heterogeneous disorder that affects all age groups from 

children through seniors, and almost half (48%) of all cases occur in people aged less 

than 50 years. The majority of cases occur between 25 and 65 years of age, while age of 

more than 45 years or less than 25 years is a particularly strong independent prognostic 

factor (Duntas and Grab-Duntas, 2006). 

1.1.2.2 Gender 

Gender is one of the few known risk factors of thyroid cancer. Thyroid cancer is 

more common in female than male, and the ratio between them is approximately close to 

3:1 (Glattre and Kravdal, 1994). The female predominance suggests that hormonal 

factors may be involved. Some studies suggest that gender is an age-specific effect 

modifier for thyroid cancer (Kilfoy et al., 2009a) (Fig. 1.1), and the biological changes 

that occur during pregnancy may increase the risk of thyroid cancer (Brindel et al., 2008). 



. . M a l e cases s^s Female cases —Male rates Female rates ---

Fig. 1.1 The age- and gender-specific cases and rates for thyroid cancer. In the UK, 

thyroid cancer is rare in children, while in adults the incidence rates rise steadily with age. 

Although the rates are highest in the over 75s, there is a substantial number of cases at 

younger adult age. Female predominance appears in each age-specific group. (Http://info. 
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cancerresearchuk.org/cancerstats/types/thyroid/incidence/, access date August 2009) 



1.1.2.3 Radiation exposure 

Thyroid cancer is hypothesized to result from mutational events combined with 

growth stimulation. It is likely that radiation is the main cause in activation of mutational 

events in thyroid cancer. Radiation exposure, including radiation therapy for malignancy, 

is the only factor that has been shown unequivocally to cause thyroid cancer in adults and 

children, especially when the exposure occurs in childhood (Dal Maso et al., 2009; 

Richardson, 2009). 

1.1.2.4 Iodine deficiency 

Chronic iodine deficiency is firmly established as a risk factor in thyroid cancer (Dal 

Maso et al” 2009; Delange and Lecomte, 2000; Feldt-Rasmussen, 2001; Lind et al., 

2002). Moreover, iodine deficiency could influence tumor morphology and 

aggressiveness of thyroid cancer (Williams et al., 2008), leading to a changing pattern of 

less prevalent PTC but more aggressive ATC, although the point is still controversial 

(Dijkstra et al., 2007; Knobel and Medeiros-Neto, 2007). 

1.1.3 Therapy 

Patients with thyroid cancer all need active therapies because most of them have 

favorable prognosis if the correct therapy projects proceed on time. At present, three 



main types of the thyroid cancer therapy are popular, surgery resection, radioactive iodide 

therapy, and chemotherapy. They will be presented in detail as follows� 

1.1.3.1 Surgery 

Surgery is usually the first treatment for thyroid cancers, particularly for DTC. 

When the cancer is removed early, most of patients have an excellent chance of being 

cured completely. However, the role of surgery in patients with ATC is controversial and 

depends on the extent of disease at presentation. Unfortunately, the vast majority of these 

patients have disease beyond the bounds of any meaningful resection. And the surgery 

alone does not have the potential to alter the course of the disease� 

1.1.3.2 Radioactive iodide therapy 

Thyroid cancer is particular among cancers because thyroid cancer cells are unique 

of the human body that could absorb iodide. Most thyroid cancer cells retain their 

abilities to absorb and concentrate iodide, which provides a perfect treatment method for 

radioactive 131I therapy. 1311 therapy is one of the most effective treatments for thyroid 

cancer, particularly for those with distant metastases (Kuo et al., 2009; Sampson et al., 

2007; Van Nostrand and Wartofsky, 2007). But ATC is relatively radioresistant and even 

no benefit with radiotherapy (Pasieka, 2003). 
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1.1.3.3 Chemotherapy 

Surgery and radiotherapy tend to work better for thyroid cancer, but chemotherapy 

is sometimes used to treat advanced thyroid cancer especially for patients with 

non-radioiodide avid thyroid cancer. Chemotherapy uses antitumor drugs, such as 

doxorubicin and cisplatin, to destroy cancer cells by disrupting the growth of cancer cells. 

However, the effect of therapy is limited due to the high side effects and chemoresistance 

(Matuszczyk et al., 2008). 

1.1.4 Prognosis 

Thyroid cancers exhibit the full range of malignant behavior from the relatively 

indolent occult DTC to uniformly aggressive and lethal ATC. Among younger patients, 

both PTC and FTC have more than 97% cure rates if treated appropriately. But, the 

transformation of DTC to ATC is supported by pathological and molecular evidence 

(Hunt et al., 2003; Nikiforov, 2004). ATC grows rapidly to replace normal thyroid tissue. 

It spreads locally by invading adjacent structures, and metastasizes to regional lymph 

nodes and distant organs. Patients with ATC have a uniformly poor prognosis 

irrespective of the treatments given, resulting into the median survival time is 4 to 12 

months (Are and Shaha, 2006). Thus, the strategy for preventing the progression of DTC 

into ATC and elevating chemotherapy effect on ATC should lead to improvement in the 

overall prognosis of thyroid cancer. 



1.2 Iodine and thyroid cancer 

Iodine is an essential element of body, which could be obtained from food, water 

and chemical agents or iodized salt, etc. In healthy adults, the total amount of iodine in 

body is about 30-50 mg: more than 70% of iodine is concentrated in thyroidal tissues, 

while the other less 30% of iodine is concentrated in extrathyroidal tissues. Due to 

approximately 90% of iodine is excreted in the urine, iodine status is usually assessed by 

measuring urinary iodine concentration. The accepted minimum adequate level of urinary 

iodine is 100 (xg/L, and the levels above this are considered normal. Iodine in thyroid 

tissue works as the key constituent of thyroid hormone thyroxin 3,5，3，，5’ 

tetraiodothyronine (T4) and 3,5,3' triiodothyronine (T3), both of which play important 

roles in cell growth and development. Iodine accounts for 65% of the molecular weight 

of T4 and 59% of the T3. While, iodine in non-hormonal form is concentrated in 

extrathyroidal tissues, such as mammary glands, eyes, gastric mucosa, the cervix, and 

salivary glands. 

1.2.1 Iodine in thyroid cancer formation 

The mechanisms of carcinogenesis in thyroid tissues are complicated and unclear. 

Many etiological risk factors have been identified for thyroid cancer, such as radiation 

exposure, reduced iodine intake, female hormones and inherited conditions (Dal Maso et 

al., 2009; Gimm, 2001). The specific mechanisms of cancer formation are unclear, but 
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what all cancers do share is their ability to proliferate beyond the constraints that 

normally limit tissue growth�Aboratioes in the regulation of a number of key pathways 

which control cell proliferation and survival are mandatory for the establishment of all 

cancers (Evan and Vousden, 2001). 

Aberrant growth and mutation stimulation are major prerequisites for carcinogenesis 

(Krohn et al., 2007). Thyroid follicular cells proliferate slowly under normal conditions, 

which allow them to endure and accumulate a variety of insults. Radiation is an example 

of a gene mutation stimulator in thyroid cancer. The predilection of the thyroid gland to 

radiation-induced injury seems to be closely linked to chromosomal rearrangement and 

aberrant gene activation (Baverstock et al , 1992; Belfiore et al, 2001; Williams, 2002)� 

Iodine may theoretically act as aberrant growth stimulator in the formation of 

thyroid cancer. Animal experiments have shown that mice fed an iodine-restricted diet 

have an increased chance of developing thyroid cancer (Fortner et al., 1960; Schaller and 

Stevenson, 1966). In one long-term study, rats were given either a high, normal or low 

iodine diet for 110 weeks. The result showed that the proliferation rate of thyroid cells 

increased significantly by between 5- and 30- fold over normal under both the high and 

low iodine diets. Although the increased proliferation rate of thyrocytes induced by 

iodine only lead to the formation of adenomas, in the presence of radiation these 

iodine-mediated changes can progress into cancers (Boltze et al., 2002). In another study, 

the tumor-promoting effects of an iodine deficiency were enhanced when a chemical 
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carcinogen was present (Kanno et al., 1992). Therefore, both iodine deficiency and 

excess seems to promote cell division. With an increased proliferation rate, dividing cells 

may accumulate a higher number of genetic alterations (Belfiore et al., 2001; Boltze et al., 

2002)，making thyrocytes vulnerable to mutagens such as radiation and oxidative stress 

(Maier et al., 2007; Nishikawa et al., 2005; Williams et al., 2008). 

High concentrations of hydrogen peroxidase (H2O2) and iodine are needed for the 

process of thyroid hormone synthesis (De Deken et al., 2002; Dupuy et al., 1991; Song et 

al., 2007). Besides being a substrate for hormone synthesis, H2O2 is a major source of 

free radicals or reactive oxygen species (ROS) which can cause substantial damage to a 

cell (Krohn et al., 2007; Song et al, 2007)�Iodine is known to be able to function as an 

antioxidant (Smyth, 2003; Venturi et al., 2000), and when deficient，it affects the 

concentration of H2C>2’ as the generation of H2O2 has been shown to be inhibited by 

iodine in vivo and in vitro (Cardoso et al., 2001; Ohayon et al, 1994). Therefore, low 

levels of iodine can result in DNA damage and mutations by promoting ROS (Cooke et 

al” 2003; Kupper et al., 2008; Maier et al., 2007). 

In summary, iodine deficiency is an important risk factor in the etiology of thyroid 

cancer. Iodine deficiency can cause the aberrant proliferation of thyrocytes and increase 

their sensitivity to ionizing radiation. At the same time, when functioning as an 

antioxidant, iodine deficiency increases the oxidative burden of the cell and thus 

increases the opportunity for DNA damage and mutations to occur. 



1.2.2 Iodine and thyroid cancer transformation 

Transformation is a term commonly used to describe the biological process in which 

normal or premalignant cells undergo a change to malignancy (Fox and Klawansky, 

2006). In thyroid cancer, anaplastic transformation describes the intratumoral evolution 

or progression from DTC to ATC (Wiseman et al., 2007; Wiseman et al., 2003). 

Histological and immunohistochemical studies indicate that ATC has close 

correlations with DTC, and that DTC may dedifferentiate to become more aggressive, or 

even transform into an anaplastic variety (Mooradian et al., 1983; Ozaki et al., 1999; 

Takeshita et al” 2008; Wang et aL, 2007)�Specifically, transformation is a terminal event， 

with ATC representing the end-point of thyroid cancer evolution (Wiseman et aL, 2003). 

These findings have also been found at a molecular level, although the mutations 

responsible for anaplastic transformation are not completely understood (Hunt et al., 

2003; Rodrigues et al., 2004). 

Epidemiological data indicate that iodine is involved in the transformation of thyroid 

cancers. The worldwide incidence of thyroid cancer has steadily increased over the past 

few years (Kilfoy et al., 2009b), notably in the United States (Davies and Welch, 2006)， 

Canada (Liu et al., 2001) and France (Colonna et al., 2007). An absolute increase in the 

overall incidence of thyroid cancer is still controversial because of changes in diagnostic 

vigilance, clinical practice and gender prevalence (Colonna et al., 2007; Davies and 

Welch, 2006; Grodski et al., 2008; Hodgson et al., 2004; Leenhardt et al., 2004; Liu et al” 
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2001). Most investigators indicate that the incidence of various histological subtypes of 

thyroid cancer differ significantly, with an increase in PTC and a decrease in ATC 

(Dijkstra et al., 2007; Guan et al., 2009; Harach and Ceballos, 2008; Lind et al., 1998). 

The introduction of salt iodination has led to an improvement in the dietary supply of 

iodine and is considered to be generally beneficial. Thyroid cancers now have a more 

favorable prognosis, although a few studies dispute these findings (Pettersson et al., 1996; 

Sehestedt et al., 2006). Generally speaking, available data clearly show that the benefits 

of correcting a dietary iodine deficiency far outweigh the risks of iodine supplementation 

(Delange and Lecomte, 2000). 

The mechanisms by which iodine is involved in the anaplastic transformation of 

thyroid cells remain unclear. Both thyroid-stimulating hormone (TSH) and radiation may 

play an important role in this process (Kapp et al” 1982; Mooradian et al., 1983; 

Wiseman et al., 2003). Iodine may act indirectly in anaplastic transformation by 

modulating TSH levels or by increasing thyroidal sensitivity to ionizing radiation. 

1.2.3 Iodine and thyroid cancer apoptosis 

It is well known that iodine is actively concentrated in the thyroid gland for the 

thyroid hormone biosynthesis, and that its regulation maintains normal thyroid 

homeostasis. However, iodine also plays an important role in thyroid cell proliferation 

and apoptosis (Smerdely et al., 1993; Tramontane) et al., 1989; Vitale et al., 2000). There 

are many clinical conditions that are caused by either a deficiency or excess of iodine. 



One of the most obvious clinical manifestations of an iodine deficiency is thyroid gland 

enlargement or goi ter�The enlargement is caused partly by an Increase In cell 

proliferation which can provide a favorable milieu for tumor development (Boltze et al., 

2002; Eskin et al” 1975). An excess iodide intake is possible in certain circumstances, for 

example, in the therapeutic use of iodide-rich compounds such as amiodarone or 

iodinated radiographic contrast agents, leading to the release of a large amount of iodide 

and the induction of its toxic effects on the thyroid gland (Mahmoud et al., 1986; Martino 

et al., 2001; Unger et al., 1993). 

In vitro experiments show that high concentrations of iodide inhibits FRTL-5 

thyroid cell proliferation by arresting the cell cycle in the G0G1 and G2M phases 

(Smerdely et al., 1993). It is however uncertain whether iodide has a direct effect on 

FRTL-5 cell proliferation or whether its effects are mediated via other hormonal 

substances or growth factors. TSH, which is a notable regulator of thyroid cell 

proliferation and iodine metabolism, has been shown to exert an inhibitory effect on 

TSH-induced cAMP production (Filetti and Rapoport, 1983). It is also possible that the 

effect of iodine is mediated via transforming growth factor (3 (TGF-[3)’ which can be 

induced by iodine in thyroid cells to inhibit the Gl-S-phase transition (Pang et al., 1992; 

Yuasa et al., 1992). In addition to the role played by hormones and growth factors in the 

regulation of thyroid cell proliferation, autoregulatory effects of ambient iodine on 

thyroid cell functions are also possible (Bidey, 1990). 



Besides cell cycle arrest, iodine also induces apoptotic phenomena in thyroid cells. 

Iodide=induced apoptosis shows a dose=dependent cytotoxicity in both immortalized 

thyroid cell-line (TAD-2) cells and primary thyroid cells, whereas it has no effect on 

non-thyroid cells (Vitale et al., 2000). Using rat thyroid FRTL-5 cells and primary dog 

thyrocytes, experiments demonstrate that FRTL-5 cells undergo apoptosis while 

iodide-treated primary dog thyrocytes do not, and thus the effect seems to be species 

specific (Golstein and Dumont, 1996). 

The mechanisms involved in iodide-induced apoptosis are still unclear. During 

iodine treatment, ROS and lipid peroxide levels increased remarkably. At the same time, 

apoptosis induced by iodide In thyroid cells can be inhibited by propyl=thiouracil, an 

inhibitor of peroxidase, suggesting that the effects depend on the formation of free 

radicals, excess molecular iodine (I2) generation, and the oxidation of ionic iodine by 

endogenous peroxidases (Smyth, 2003; Vitale et al , 2000). NIS mediates iodide transport 

while TPO mediates intracellular iodide retention in the normal thyroid cell and 

incorporates iodide into the protein (Dohan et al., 2003; Huang et al., 2001). Based on 

this evidence, iodide has been used to treat NIS/TPO gene-modified lung cancer cells. 

The results have demonstrated that the therapeutic dose of nonradioactive iodide can 

induce apoptosis in genetically modified lung cancer cells with an increase in ROS levels 

in vitro，and limit the growth of NIS/TPO-modified tumors in vivo (Zhang et aL, 2003). 

Interestingly, molecular iodide can induce a time- and dose-dependent apoptosis without 

involvement of NIS and peroxidase activity (Garcia-Solis et al., 2005). Therefore, it 
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appears that iodide-induced apoptosis may be mediated by molecular iodide or iodinated 

derivatives, iodolactones, and not by iodide directly (Laoger et al。，2003; Shrivastava et 

al., 2006). In addition, iodine has been shown to induce apoptosis by activating 

mitochondria, with a decrease in the expression of anti-apoptotic proteins and an increase 

in p21. However, this mitochondrial-mediated apoptosis is independent of caspases 

(Shrivastava et al., 2006; Upadhyay et al., 2002; Zhang et al., 2003). One report indicates 

that apoptosis induced by iodine is independent of p53, which does not correlate with the 

modulation of bax, bcl-2 and bcl-xl expression (Vitale et al., 2000). However, the known 

underlying signaling pathways are limited. The genetic alterations correlated with 

apoptosis or cell proliferation signaling pathways in thyroid cancer as follows: RAS 

mutation, BRAF mutation or rearrangement, RET rearrangement, TP53 mutation, 

peroxisome-proliferator-activated-receptor-y (PPARG) rearrangement, neurotrophic 

tyrosine kinase receptor, type 1 (NTRK1), p-catenin (CTNNB1) mutation, and so on 

(Kondo et al., 2006). The underlying molecular mechanism responsible for the action of 

iodine appears to be complicated (Tab. 1.1). Iodine may interfere with multiple signaling 

pathways including mitogen activated protein kinases (MAPKs) and nuclear factor kappa 

B (NF-KB) signaling pathways. Nevertheless, the mechanisms of iodine-induced 

apoptosis have not been clearly elucidated. Specifically, the pathways and key proteins 

involved in the process remain unknown, as do the conditions under which iodine induces 

apoptosis in thyroid cancers instead of controlling normal thyroid homeostasis. Further 
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research into the mechanisms of iodine regulation is therefore essential for our 

understanding of thyroid eancers� 
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1,2.4 Iodide metabolism in thyroid cells 

Being the critical component of T3 and T4, iodine represents an essential element in 

thyroid physiology. The process of iodide metabolism is complex and includes iodide 

transport, iodide organification, thyroid hormone synthesis and secretion, and thyroid 

intermediary metabolism. The first step of iodide thyroid metabolism is represented by 

the thyroid trapping and concentration of iodide from blood, which is achieved by an 

active, energy dependent transport process across the basolateral plasma membrane of the 

thyrocytes (Fig. 1.2) (Baker and Morris, 2004; Schlumberger et al., 2007). Being 

responsible for the accumulation of iodide into thyrocytes, the protein is the 

sodium=iodide symporter (NIS) which is located at the basolateral membrane (Dal et al。， 

1996; Smanik et al.? 1997)�The proteins ensuring apical iodide efflux to the follicular 

lumen are pendrin (Scott et al., 1999) and an apical iodide transporter (AIT) (Rodriguez 

et al., 2002). Then, iodide is organifled in the tyrosyl residues of thyroglobulin (TG) in a 

reaction catalyzed by thyroid peroxidase (TPO), in the presence of H2O2 which is 

produced by dual oxidase (DUOX). This occurs in the apical membrane of the thyrocytes 

facing the colloid. Each tyrosin molecule can take up to four iodide atoms which form the 

different types of thyroid hormone and are stored in colloid. Under stimulation by 

thyrotropin (TSH), the gland receives the signal and consequently releases thyroid 

hormones. Following secretion into blood, the predominant thyroid hormones, T4 and T3, 

are deiodinated by specific enzymes located mainly in the liver and kidney; thus, free 

iodine is released. Serum iodine is then passively filtered through kidney where it is 

excreted. 

19 



T 3尹… 
T4 

Basolateral 
Thyroid Follicular Cell Apical/ 

Lumena進 

Fig. 1.2 Iodide metabolism in normal thyroid cells. TSH signaling via the TSH 

receptor (TSHR) controls thyroid hormone synthesis and can increase expression of NIS 

in the basolateral membrane of thyrocytes. As shown in the thyrocyte on the right, NIS 

uptakes iodide from the blood. The proteins involved in efflux of iodide at the apical 

membrane are pendrin and AIT. Iodide is organified in the tyrosyl residues of TG in a 

reaction catalyzed by TPO, in the presence of H2O2 which is produced by DUOX. TG 

contains MIT, DIT, T3, and T4 and is stored in colloid until T3 and T4 need to be 

released into the blood. 

20 



1.2.5 Defects of iodide metabolism in thyroid cancer 

Iodide is an essential element for normal human fimetioii�Approximately 70% of 

the total body pool of iodine is stored in the thyroid gland. Iodide is actively transported 

into follicular thyroid cells by iodide transporters. Therefore，the ability of the thyroid 

cell to transport iodide, by iodide transporters, maintains the normal homeostasis of 

thyroid tissues. This ability is also a fundamental prerequisite for the effective use of 

radioactive iodine in the diagnosis and treatment of patients with thyroid cancers 

(Dadachova and Carrasco, 2004; Riesco-Eizaguirre and Santisteban, 2006). 

The evidence that iodide transport is present in thyroid cancer tissues has been the 

basis for the use of radioiodine in the diagnosis and treatment of patients with thyroid 

cancer (Baker and Morris, 2004). Depending on the levels of dedifferentiation, thyroid 

cancer origins from follicular cells usually have defects in some biological properties of 

normal thyroid cells, such as TG production and iodide uptake, which result in decreased 

iodide bioavailability including radioactive isotopes of iodide (Mian et al., 2008). The 

two major steps of iodide metabolism一uptake and organification一are altered in thyroid 

cancer tissues (Schlumberger et al., 2007). Abnormality of NIS in thyroid cancer is the 

most popular defects in iodine metabolism, which could be caused by decreased NIS 

expression, NIS gene alterations and NIS location (Dohan et al., 2003; Kogai et al., 2000; 

Matsuda and Kosugi, 1997; Smanik et al., 1997). Besides abnormality of NIS, other 

factors such as TSH level in serum and TG expression can also regulate iodine uptake 

and organification aberrantly (Garcia-Jimenez and Santisteban, 2007; Lin, 2008). More 

importantly, the defective iodide-trapping mechanism appears to be an early and constant 



feature of the oncogenic transformation of thyroid cells (Trapasso et al., 1999), and 

affects the prognosis of patients with thyroid cancer (Are and Shaha, 2006; Ward et al., 

2003)�Therefore，it is valuable to conduct researches to explore the mechairiism of iodide 

transporters and their defects. 

1.2.5.1 Sodium iodide transporter 

NIS, an intrinsic membrane protein with 12 transmembrane regions, is a key plasma 

membrane protein expressed on the basolateral membrane of follicular cells. In thyroid, 

NIS mediates I - uptake and it is the first step in the biosynthesis of the iodine-containing 

thyroid hormones (Baker and Morris, 2004; Riedel et al., 2001a). 

yl Decreased NIS expression is one of the main factors responsible for 

the reduced iodine transport into thyroid cancer cells. Smanik et al. (Smanik et al., 1997) 

compared the expression of NIS in normal thyroid tissues to malignant thyroid tissues 

and showed that its expression was greatly reduced in thyroid tumors. Another report 

showed similar results, where the expression of NIS was decreased by 10- to 1200-fold in 

40 of 43 thyroid cancers (Lazar et al., 1999). Further, investigations have revealed that a 

decrease in NIS expression occurs not only in primary tumors but also in metastases 

tissues (Arturi et al., 1998; Park et al., 2000). Mishra et al (Mishra et al., 2007) studied 

the expression of NIS in thyroid cancer specimens from iodine deficient regions and 

found that the expression of NIS was detected in 73.3% of PTC and 70.0% of FTC but in 

only 33.3% of ATC. Therefore, these investigations have shown that the expression of 

NIS is decreased in thyroid cancer cells, and that its decrease is related to the subtype of 

thyroid cancers and to the dietary availability of iodine. Although the expression of NIS 
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is relatively high in PTC and FTC (Mishra et al” 2007; Saito et al., 1998; Wapnir et al” 

2003), the ability of these tumors to concentrate radioactive iodide is still impaired, 

suggesting that there are other meehanisms that influence the activity of NIS, such as 

genetic mutations and an impaired targeting of NIS to the plasma membrane of thyroid 

cells (Dohan et al., 2003; Kogai et al., 2000; Peyrottes et al., 2009). 

Currently, ten point mutations (V59E, G93R, Q267E, C272X, T354P, G395R, 

R124H, frameshift 515X, Y531X, and G543E) and two deletion mutations 

(DelM143-Q323 and DelA439-P443) have been described in the NIS gene. They are 

nonsense, alternative splicing, frame-shift, deletion, or missense mutations of the NIS 

gene (De La Vieja et al., 2004; Fujiwara et al.，1997; Fujiwara et al., 1998; Kosugi et al., 

1999; Kosugi et al.5 2002; Kosogi et al。，1998; Matsuda and Kosugi, 1997; Pohlenz et aL, 

1997; Szinnai et aL, 2006). Russo et al. (Russo et aL, 2001) have studied point mutations 

and other genetic alterations that may be responsible for the altered NIS protein function 

in tumors that still expressed NIS transcripts. Tumoral cDNAs derived from five PTC and 

two FTC were analyzed by direct sequencing after polymerase chain reaction (PCR) 

amplification of the structural NIS gene. No mutations or other genetic abnormalities 

were found in any of the tumor samples examined. These data indicate that mutations or 

other genetic alterations of the NIS structural gene may not be a major cause of the 

reduced iodide uptake in DTC. This anomaly may be caused by the origins of these 

mutations, as some occur in patients with thyroid cancer and others in patients with 

congenital iodide transport defects. This argument may also challenge the direction of 

further research. The cell polarity and location of the protein are important in NIS activity. 

The location of NIS protein in thyroid cancers differs from that in normal thyroid tissues. 
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In normal thyroid tissues, NIS protein is expressed on the basolateral membrane, while in 

thyroid cancer it is expressed predominantly in the cytosol, resulting in defective 

targeting of NIS to the plasma membrane (Dohan et al。，2001; Kogai et aL，2000; Saito et 

al., 1998; Sodre et al., 2008; Wapnir et al., 2003). Thus, the loss of cell polarity may 

result in the impairment of functional NIS expression and iodide concentration. In 

conclusion, the reduced expression of NIS, impaired tissue polarity, and mutations will 

all influence iodine transport in thyroid cancer cells. Even though the reduced iodine 

transportation cannot be fully explained by these defects, work on the stimulation and 

restoration of NIS expression is of valid therapeutic value in thyroid cancer treatment. 

B. Regulation: NIS expression can be up-regulated or down-regulated by different 

agents. Many agents have been used to enhance NIS expression and thus result in an 

increased iodine concentration in normal and thyroid cancer cells (Kogai et al” 2006)� 

These agents are classified into several groups, including thyrotropin agonists 

(thyrotropin, human choriogonadotropin) (Arturi et aL, 2002; Kogai et al., 2000; van 

Hoek et al., 2008), retinoic acid receptor agonists (retinoic acid) (Coelho et al., 2005; 

Kurebayashi et al., 2000), cytokines (TGF-J31，IL-la, IL-lp) (Kawaguchi et al., 1997; 

Schumm-Draeger, 2001; Spitzweg et al., 1999) and histone decacetylase inhibitors 

(valproic acid, trichostatin A, FR901228) (Akagi et al., 2008; Catalano et al., 2005; 

Fortunati et aL, 2004; Kitazono et al” 2001)�On the other hand, iodine and TG are used 

to down-regulate NIS expression. The roles of thyrotropin, iodine and TG will be further 

discussed below as they are intimately related to thyroid function in humans. 



a. Thyrotropin'. Thyrotropin (TSH) is the primary regulator of thyroid function and 

has long been known to stimulate the accumulation of V by thyroid cells (Vassart and 

Durnont, 1992)1�Levy et al demonstrated that NIS protein expression was up=regulated by 

TSH in vivo (Levy et al., 1997). TSH can also increase NIS mRNA and protein 

expression in FRTL-5 thyroid cells in vitro (Kogai et al., 1997). Experiments have shown 

that TSH up-regulates NIS expression and uptake activity via a cAMP pathway, 

primarily by stimulating NIS at transcriptional and post-transcriptional levels (Ohno et al., 

1999; Riedel et al., 2001b; Weiss et al., 1984). 

Studies demonstrate that TSH stimulates the NIS promoter and NIS upstream 

enhancer (NUE) at the transcriptional l eve l�NUE stimulates transcription in a 

thyroid=specific and cAMP-dependent manner (Chun et al, 2004). The transcriptional 

factors paired box-gene 8 (Pax-8) and thyroid transcription factor 1 (TTF-1) are involved 

in NIS gene transcription (Endo et al., 1997; Ohno et al., 1999). Pax-8 is required for 

transcriptional activation and cAMP stimulation of the NUE (Taki et al., 2002). The 

induction of Pax-8 expression may promote a redifferentiation of thyroid cancer cells, 

including a partial recovery of iodide uptake, which would be a fundamental prerequisite 

for a radioiodine-based therapeutic approach to thyroid cancers (Presta et al., 2005). 

TTF-1 overexpression does not increase the expression of NIS mRNA and iodine uptake, 

although prolonged iodide retention and organification in tumors are observed (Furuya et 

al., 2004). In addition, Riedel et al found that TSH could regulate NIS expression at the 

post- transcriptional level (Riedel et al., 2001b). TSH, which is required for NIS to target 

or to be retained in the plasma membrane, increases the half-life of the NIS protein and 

modulates the phosphorylation pattern of NIS protein (Kogai et al.，2000; Riedel et al., 



2001b). Besides its effect on NIS expression, TSH also contributes to the regulation of 

thyrocyte differentiation by modulating thyroid gene levels (Bruno et al., 2005). 

Remarkably, the phosphatldylinositol 3=kinase (P13K) signaling pathway is activated in 

the process of TSH-stimulated NIS expression, and the inhibition of the PI3K pathway 

increases the functional expression of NIS in thyroid cancers (Kogai et al., 2008). PI3K is 

an important regulator of many cellular events, including proliferation, apoptosis and 

transformation (Chang et al., 2003; Rivas and Santisteban, 2003). However, the PI3K 

pathway is always dysregulated in thyroid cancer (Paes and Ringel, 2008). Thus, while a 

complicated crosstalk may exist between iodine, NIS, TSH and signaling pathways, 

influencing the proliferation, apoptosis and transformation of thyroid cells, the exact 

mechanisms remain unclear (Tab. 1.1). 

The expression of TSH receptor (TSHR)，which responds to TSH stimulation, is 

decreased or even absent in thyroid cancers (Hoffmann et al” 2006; Matsumoto et al., 

2008; Mi las et al., 2007). Decreased TSHR expression may result in a reduced 

radio-iodine uptake and lead to a negative response to radio-iodine therapy. Importantly, 

a decreased TSHR expression may represent a degree of dedifferentiation of the thyroid 

cancer and correlate with a high proliferation rate (Brabant et al., 1991; Xing et al., 2003). 

Therefore, in studying TSH-modulated NIS expression, the expression of TSHR should 

be taken into account. 

b. Thyroglobulin: Thyroglobulin (TG), a 660 kDa dimeric protein, is the 

glycoprotein precursor of thyroid hormones T3 and T4. It is produced by thyrocytes and 

then secreted into the follicular lumen where it is stored. In thyroid cancer, the expression 



of TG mRNA is decreased in PTC and completely lost in ATC (Brabant et al., 1991; 

Elisei et al., 1994; Lin, 2008). Clinically, the measurement of serum TG is widely 

accepted to be the best available tool with which to follow the disease status of thyroid 

cancer patients (Giovanella, 2008; Spencer and Lopresti, 2008). 

As previously discussed, TSH increases the expression of NIS. Contrary to this, TG 

suppresses the gene expression and activity of NIS (Kohn et al., 2001). In vivo studies 

have demonstrated that the suppression is due to a feedback effect of TG (Suzuki et al., 

1998). To clarify this point, purified, salt-extracted bovine and human 19S follicular TG 

was added to a medium with FRTL-5 cells. Results showed that the levels of TTF-1, 

TTF-2 and Pax-8 were suppressed first, followed by the suppression of TG and NIS 

expression, supporting that TG and NIS are regulated by one or more of these 

transcription factors (Espadinha et al., 2007; Suzuki et al., 1999). 

c. Iodine: Iodine itself is a critical factor in regulating the accumulation of 厂 by the 

thyroid gland. The most famous example of this is the Wolff-Chaikoff effect which 

describes hypothyroidism caused by the ingestion of a large amount of iodine. The cause 

is due to a transient blockade of the organification of iodine secondary to the 

down-regulation of NIS resulting in decreased transportation of iodide into the thyroid 

cells (Eng et al., 1999; Leoni et al., 2008). Further experiments show that moderate doses 

of iodine can inhibit the expression of NIS mRNA in vivo (Uyttersprot et al., 1997). An 

in vitro study has also indicated that excess iodine does not decrease NIS mRNA in 

FRTL-5 cells but does decrease the expression of NIS protein, which suggests that in an 

in vitro thyroid cell model iodine modulates NIS, at least partly, at a post-transcriptional 

27 



level (Eng et al., 2001). Nonradioactive iodine down-regulates the expression of NIS 

mRNA and protein. Iodide-rich compounds such as amiodarone can also decrease NIS 

mRNA expression by nearly half at therapeutic concentrations (Yamazaki et aL, 2007)�In 

addition, recent studies using an in vitro model of internal radiation of normal thyroid 

cells showed that 131I indeed reduced thyroid iodide transportation in a dose-dependent 

manner (Lundh et al., 2007; Meller et al” 2008; Postgard et al., 2002). 

Iodide affects the expression of NIS in the fetal thyroid gland. In one experiment, 

female rats were given either an iodine deficient, a low iodine or an iodine supplemented 

diet for 3 months (Schroder-van der Elst et al., 2001). Under the supplemented condition, 

NIS mRNA increased 2- and 4-fold in the thyroid of fetuses with a low and iodine 

supplemented! diet respectively�In the low iodine diet, NIS expression was upnregulated� 

Finally, subsequent iodine supplementation in previously iodine deficient fetuses did not 

lead to the restoration of a normal absolute iodide uptake. These results suggest that all 

adaptive or defense mechanisms against iodine deficiency are already present in the fetus 

(Schroder-van der Elst et al., 2001). In vitro experiments also showed similar results, 

suggesting that NIS regulation by iodine may occur through modulation of human 

choriogonadotropin (Li et al., 2007). 

1.2.5.2. Pendrin and apical iodide transporter 

Pendrin (SLC26A4), a highly hydrophobic transmembrane 780-amino acid protein, 

is encoded by the SLC26A4 gene which is mutant in Pendred syndrome (PDS) (Everett et 

al., 1997; Kopp et al., 2008; Scott et al., 1999). Pendrin that is highly expressed in thyroid 

tissues is localized to the apical membrane of thyroid follicular cells, and acts as an 



iodide-specific apical transporter responsible for iodide efflux from thyroid cells (Bidart 

et al., 2000; Royaux et al., 2000; Yoshida et al., 2002). 

The apical iodide transporter (AIT, SLC5A8) is a protein responsible for iodide 

transport from the thyrocyte through the apical membrane into the colloid lumen. The 

AIT gene is located on chromosome 12q23 and encodes a 610 amino acid protein sharing 

46% of its identity (70% similarity) with human NIS (Rodriguez et al., 2002). The AIT 

has other functions in addition to its role in iodide transportation. It transports 

monocarboxylates and short-chain fatty acids by a sodium-couple mechanism (Gopal et 

al., 2004; Gopal et al., 2007), acts as a tumor suppressor (Ganapathy et al., 2005; Li et al., 

2003), and triggers tumor cell apoptosis (Thangaraju et al., 2006). 

A. Expression: In normal thyroid tissues, pendrin is localized at the apical pole of 

thyrocytes in contrast to the basolateral location of NIS. Immunostaining reveals a higher 

pendrin protein expression in thyroid tissues from patients with Grave's disease than in 

normal thyroid tissues. This suggests a correlation between pendrin abundance and 

increased iodide organification (Mian et al., 2001; Royaux et al., 2000). To investigate 

whether the pendrin gene is altered during thyroid tumorigenesis, pendrin gene and 

protein expression were studied using RT-PCR and immunohistochemistry respectively. 

Results showed that pendrin mRNA expression in thyroid cancer tissues was 2- to 

1000-fold lower (median, 100-fold) than in normal thyroid tissues, and that pendrin 

immunohistochemical staining was weak or positive in only a minority of tumor cells 

(Bidart et al., 2000). Using RT-PCR, Arturi et al. (Arturi et al., 2001) analyzed the 

patterns of pendrin in thyroid cancer cell lines and a series of thyroid tumor tissues. They 



showed that pendrin expression did not correlate with NIS expression. The data also 

indicated that pendrin was present in most of the DTC cell lines, but was reduced or 

absent in DTC tissues�fCondo et ah assessed pendrin expression by immunohisto-

chemistry and found it to be negative in all follicular and papillary carcinomas (Kondo et 

al., 2003). However, another study found that pendrin protein was detectable in 73.3% 

and 76.7% of FTC and PTC respectively (Skubis-Zegadlo et al., 2005). The difference 

might be due to the antibodies used in the experiments as the high-affinity 

antigen-purified antibodies against the amino- and carboxyl-termini of the pendrin 

molecule are both located intracellularly. Results suggest that the preserved pendrin 

expression in DTC may have a different functional status as its targeting to the apical cell 

membrane is affected (Gillam et al。，2004; Porra et al。，2002; Skubis-Zegadlo et al。， 

Information on AIT expression in thyroid tissues is limited. Using immunohisto-

chemistry, AIT staining was detected in only about 10% of follicles from normal thyroid 

tissues. In thyroid carcinomas, the mean and median AIT mRNA levels were 

significantly decreased. Expression of AIT protein was undetectable in most PTC, weak 

but detectable in most FTC and negative in ATC (Lacroix et al., 2004). Porra et al. 

demonstrated that AIT expression was selectively down-regulated by 40-fold in PTC, and 

that most of them were methylated (Porra et al。，2005). 

B. Regulation: Human thyrocytes cultured with or without TSH exhibit different 

expressions of pendrin at the transcriptional level. TSH treatment partly prevents a 

decrease in pendrin and, the expression of pendrin at transcriptional levels is 3-fold 



higher in TSH-treated cells than in untreated cells (Porra et al., 2005). In addition, Suzuki 

et al and Royaux et al. demonstrated that the expression of pendrin mRNA could be 

significantly induced by low concentrations of TG, which differs from the regulation of 

NIS by TG (Kohn et al., 2001; Royaux et al., 2000; Suzuki and Kohn, 2006). 

Few studies have been carried out on the regulation of AIT expression. Porra et al. 

reported that AIT expression, unlike that of NIS and pendrin, was not regulated by TSH 

at the transcriptional level and that it was independent of the state of activation or 

functional activity of the thyroid tissue (Porra et al., 2005). 

Taken together, iodine is a key element in the regulation of human thyroid 

development and function�It is clear that iodine not only maintains normal thyroid cell 

homeostasis, but also has an influence on the development of thyroid cancer. More 

importantly, iodine can induce cell cycle arrest and apoptosis in thyroid cancer cells. 

Although the responsible mechanism is not clear and some controversies exist, current 

findings indicate that the stress in thyroid tissues, remaining normal or becoming 

malignant, is, at least partly, controlled by iodine. At the same time, a crosstalk of 

tumorigenesis, progression and apoptosis can be influenced by iodine. Iodine is not only 

a unique element that acts on tissues to maintain their normal homeostasis, but also has 

the ability to influence tumor generation, progression and apoptosis. Further studies on 

the role and regulation of iodine are essential for our understanding of the formation and 

progression of thyroid cancers and hence for our ability to prevent, diagnose and treat 

them. 
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1.3 Apoptosis and cancer 

Apoptosis is an intrinsic cell death program that may occur in molticellular 

organisms to keep proper tissue homeostasis and development. Due to the balance 

between proliferation and cell death is a key factor in tissue homeostasis, an aberrant 

increase or decrease in apoptosis is observed in a variety of pathological conditions 

including cancer (Nicholson and Thornberry, 2003). Aborting apoptosis is regarded as 

one hallmark of cancer cells in which two fundamental lesions are to be the underlying 

pathogenesis of cancer. One is gene mutations that give rise to excessive proliferation; 

the other is a disruption of apoptotic signaling allows mutated cells to continue to 

proliferate and live beyond their normal life span perpetuating cycles of mutations and 

oncogenesis (Hanahan and Weinberg, 2000). Besides the role in carcinogenesis, 

apoptosis is feasible to cancer therapy because some cancer cells are sensitive to 

DNA-damaging agents or irradiation (Brown and Attardi, 2005; Johnstone et al., 2002). 

Moreover, resistance of apoptosis is also the critical cause that results into tumor therapy 

failure (Igney and Krammer, 2002). Therefore, apoptosis has emerged as an important 

process from carcinogenesis to cancer therapy. 

1.3.1 Mitochondrial- and receptor-mediated apoptosis pathway 

The apoptotic signaling events can be roughly divided into two major 

pathways~the mitochondrial-mediated pathway (the intrinsic pathway) and the 

receptor-mediated pathway (the extrinsic pathway) (Fig. 1.3). The mitochondrial-

mediated apoptotic pathway occurs in response to a wide range of death stimuli including 



activation DNA damage, chemotherapeutic agents and radiotherapy (Shi, 2001). 

Following damaging cellular stress, mitochondrial membrane collapse and mitochondrial 

membrane potential (MMP) decreased, then proteins of Interrnenribrane space, such as 

cytochrome C (Cyto C), can then diffuse into the cytosol and lead to the activation of 

caspase enzymes that are responsible for apoptosis such as caspase 9 (Green, 2006; Green 

and Chipuk, 2008). The active Cyto C/Apaf-1/caspase 9 complex has been nicknamed the 

"apoptosome" and activates executioner caspases. Receptor-mediated apoptosis is 

activated by pro-apoptotic receptors tumor necrosis factor (TNF) superfamily of receptors 

on the cell surface by their associated ligands. Once being formed, the receptor-ligand 

complexes oligomerize will firstly bind the intracellular adaptor proteins, such as TNFa 

receptor associated death domain and Fas-associated death domain, and then recruit the 

inactive performs of certain members of the caspase protease family. The caspases are 

recruited to this death-inducing signaling complex—-caspase 8 and caspase 10 which 

function as 'initiator'. Once being activated through mitochondria or receptor mediated 

pathway, the initiator caspases cleave and activate 'executioner' caspases, mainly caspase 

3, 6, 7, triggering apoptosis (Igney and Krammer，2002). 
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Fig 1.3 The two major apoptotic pathways: mitochondrial- and receptor-mediated 

apoptotic pathways. Apoptosis can be activated by two major pathways: mitochondrial-

and receptor-mediated apoptotic pathways. The mitochondrial-mediated apoptosis 

pathway is initiated by various signals, principally extracellular stimuli, while the 

receptor-mediated apoptosis pathway is activated by Fas ligand or TNF-related 

apoptosis-inducing ligand (TRAIL). Both mitochondrial- and receptor-mediated 

apoptotic pathways converge on the so-called executioner canspases and trigger apoptosis. 

(Adapted from http://www.research apoptosis.com/apoptosis/pathways/index.m, access 

date August 2009) 
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In eukaryotic cells, mitochondria are the place not only supply cellular energy but 

also engage in cell proliferation and death (McBride et al” 2006). Because mitochondria 

play the key role in cell metabolism and the character of tumor cells resistant to apoptosis, 

researchers should consider such resistance related to the particular properties of 

mitochondria in cancer cells which are distinct from those in normal cells in many ways. 

For instance, alterations of energy-supplying pathways may suppress mitochondrial 

activity or impair mitochondrial function and disrupt membrane stabilization (Gogvadze 

et al., 2008). Meanwhile, iodine is the main constitution of thyroid hormone that could 

influence cell metabolism. Thus, mitochondria may be the critical point for iodine and 

thyroid cancer to establish communications through apoptotic pathway. Therefore, this 

study will focus on mitochondrial-mediated apoptotic pathway and its regulators in 

thyroid cancer formation and treatment. 

1.3.2 Bcl-2 family proteins in apoptosis 

Bcl-2 family proteins play crucial roles in regulating mitochondrial events during 

initiation of the apoptotic process. The Bcl-2 family proteins consist of both 

anti-apoptotic and pro-apoptotic proteins which possess at least one of four conserved 

Bcl-2 homology domains (BH1 to BH4) (Fig. 1,4) (Danial, 2007). The anti-apoptotic 

proteins contain the Bcl-2, Bcl-xL, Mcl-1, Bcl-w and etc, all of which have four Bcl-2 

homology domains. The pro-apoptotic proteins, such as Bax, Bak and Bok, contain Bcl-2 

homology 1-3 domains, whereas other pro-apoptotic proteins, such as Bid, Bad and Bim, 

contain only the BH3 domain (Fig. 1.4). 
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Fig. 1.4 Classification of Bci=2 family according to conserved domains. Proteins of 

Bcl-2 family control the integrity of the out mitochondrial membrane (OMM). The 

pro-apoptotic effecter proteins Bak and Bax are responsible for permeabilizing the 

membrane, while the anti-apoptotic proteins Bcl-2 and Bcl-xL inhibit permeabilization of 

the membrane and BH3-only proteins promote it. When Bak and Bax are activated by 

BH3-only proteins in response to damaging cellular stress signals, they form complexes 

of either Bax-only or Bak-only molecules, and then assemble in the OMM causing MMP 

decreased. Thus, proteins localized between the outer and inner membranes, such as Cyto 

C and apoptosis inducing factor (AIF)，and then initiate apoptosis (Chipuk and Green, 

2008; Danial, 2007; Green, 2005; Green, 2006; Green and Chipuk, 2008). 
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1.3.3 MAPK cascades in apoptosis 

A protein kinase is a kinase enzyme that modifies other proteins by adding 

phosphate to one of three amino acids that have a free hydroxyl group on them, resulting 

in a functional change of the target proteins (substrates) by changing enzyme activity, 

cellular location or association with other proteins (http://en.wikipedia.org/wiki/Protein_ 

kinase, access date August 2009). Proteins kinases, especially those involved in signal 

transduction, such as MAPKs pathways (Wada and Penninger, 2004)，are well known 

cellular pathways involved in modulating apoptosis. 

In mammals, MAPKs signaling pathways are well characterized pathways in 

regulating cell proliferation and survival�Both stress- and growth-regulating signals are 

transduced from the cell surface into the nucleus via these cascades. There are three well 

characterized subfamilies of MAPKs, including extracellular signal-regulated kinase 

(ERK1/2), p38 MAPK (p38a/p/y/5) and c-Jun amino-terminal kinase (JNK1/2/3) (Chang 

and Karin, 2001). MAPKs are activated by phosphorylation cascades. MAPK activity is 

activated and regulated via three-tiered cascades composed of a MAPK, MAPK kinase 

(MAPKK, MKK or MEK) and a MAPKK kinase or MEK kinase (MAPKKK or MEKK) 

(Chang and Karin, 2001). MAPKK can be activated by more than one MAPKKK which 

is responsive to distinct stimuli. Each MAPKK is also responsive specifically for MAPKs 

activation through phosphorylation: MEK 1/2 for ERK1/2, MKK3/6 for the p38 and 

MKK4/7 (JNKK1/2) for the JNK (Fig. 1.5) (Chang and Karin, 2001; Roberts and Der, 

2007). During the process of MAPKs activation, the MAPKKK and MAPKK provide the 

chance for signal amplification and detecting input from other signaling pathways to 
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enhance or suppress the signal to the MAPKs. In addition, positive and negative 

autocrine loops triggered by the activating signal upstream of the MAPKs can also 

provide specific spatial patterns of MAPKs activation (Pearson et aL? 2001)�Once 

activated, MAPKs will influence cell proliferation and apoptosis mainly through 

modulating the expression of target proteins which include transcription factor p53, 

apoptosis regulators Bcl-2 family proteins, and etc (Balmanno and Cook, 2009; 

Cordenonsi et al., 2007; Grethe et al., 2006; Lei et al., 2002; Wada and Penninger, 2004; 

Yamamoto et al., 1999). All of these make MAPKs activation more important in 

regulation of cell survival and apoptosis. Thus, the pro- or anti-apoptotic functions of 

ERK, p38 or JNK depend on cell type, nature of the death stimulus, duration of their 

activation and the activity of other signaling pathways (Balmanno and Cook, 2009; 

Dhanasekaran and Reddy, 2008; Wada and Penninger, 2004). 
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Fig. 1.5 Mammalian MAPK cascades. There are four major mammalian MAPKKK-

MAPKK-MAPK protein kinase cascades. The ERK pathway is commonly activated by 

growth factors, whereas the JNK, p38 and ERK5 pathways are activated by 

environmental stress including osmotic shock, ionizing radiation. Many of the substrates 

for MAPKs are nuclear transcription factors and apoptosis regulators. Protein 

phosphatases remove the phosphates that were transferred to the protein substrate by the 

MAPKs. In this manner, the action of MAPKs and protein phosphatases reciprocally and 

rapidly alter the behavior of cells as they respond to changes in their environment 

(Johnson and Lapadat, 2002; Roberts and Der, 2007). (http://www.cellsignal.com/ 

reference/pathway/MAPK Cascades.htm 1, access date August 2009) 
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1.3.4 Apoptosis in thyroid cancer development 

Defects in apoptosis play important roles in tunriorigenesis by way of a process of 

allowing tumor cells to survive beyond their normally intended lifespans, providing 

protection from stress as tumor mass expands, and admitting enough time for 

accumulative genetic alterations. The process deregulates cell proliferation, interferes 

with differentiation, and increases cell motility and invasiveness during tumor 

progression (Reed, 2003). Based on the past decades of studies on apoptosis and cancer 

development, it has been evidenced that besides the expression of proteins that promote 

cell proliferation (Evan and Vousden, 2001), tumor progression requires the expression 

of anti-apoptotic proteins of the inactivation of essential pro-apoptotic proteins (Igney 

and Krammer, 2002)�In thyroid cancer, both genetic alterations activated aberrant cell 

signaling pathway in cell proliferation and impairment of apoptosis regulators play 

critical roles in tumorigenesis. 

1.3.4.1. Genetic alterations in cell signaling pathway 

Tumorigenesis and transformation are the consequence of a multistep process 

involving the accumulation of mutational epigenetic changes that promote cell 

proliferation and suppression of apoptosis. It has been proposed that thyroid cancers 

accumulate a number of alterations at the genomic level and the genomic instability has 

vital actions in the progression of thyroid cancer. The genetic alterations in thyroid cancer 

are as follows: RAS mutation, BRAF mutation or rearrangement, RET rearrangement, 

TP53 mutation, PPARG rearrangement, NTRK1, CTNNB1 mutation, and so on (Kondo 

et al., 2006). Meanwhile, the distribution of these molecular features in DTC and ATC 
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are different. For instance, several mutations occurring in PTC (e.g., RAS and BRAF) are 

also seen in ATC which suggests these are early events. Other mutations like p53 and 

CTNNB1, they just contribute to the extremely aggressive behavior of ATC, which 

suggest that these mutations are late events (Nikiforov, 2004; Smallridge et al., 2009; 

Sobrinho-Simoes et al., 2005). Thus, signaling through growth factors and their receptors 

is considered essential for thyroid cancer progression, and some of these growth factors 

have been identified as modifiers of the behavior of transformed thyroid cells. 

Both of RAS and RAF are both recruited to stimulated growth factor receptors. They 

participate in signal transduction through RAS-RAF-MEK-ERK-MAP kinase pathway to 

modulate cell proliferation, differentiation and survival by regulating apoptosis regulators 

such as Bcl-2 family proteins expression. Somatic mutations in this pathway play 

important roles in the transduction of cell proliferation signals and may further promote 

genomic instability that results additional somatic mutations during cancer progression. 

RAS mutation is popular in FTC (about 50%), while RAF mutation is common in PTC 

(29-83%) (Henderson et al., 2009; Xing, 2005). Such an integrated model is depicted in 

Fig. 1.6 (Kondo et al., 2006). 
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Fig. 1.6 The proposed model of thyroid carcinogenesis based on general concepts 

and specific pathways. On the basis of clinical, histological and molecular observations, 

risk factors such as exposure to radiation, induce genomic instability through direct and 

indirect mechanisms, resulting in early genetic alterations (RET, RAF, etc) that involve 

MAPKs signaling pathways. Oncogenic activation of MAPKs signaling further increases 

genomic instability and leads to later genetic alterations (TP53, CTNNB1) that involve 

other signaling pathways, cell-cycle regulators and various adhesion molecules. 

Accelerating the interactions between genomic instability and genetic alterations 

promotes progression from DTC to ATC (Kondo et al., 2006). 
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Besides the aberrant activation of MAPKs signaling pathways by RAS and/or RAF 

mutations, the tumor suppressor p53 is probably another prominent factor in eliciting 

cellular response to a variety of stress signals, including DNA damage, aberrant 

proliferative signals when inactivated. In unstressed cells, p53 protein is present at low 

levels and is relatively inactive. During the process of malignant transformation in human 

cells, a number of different changes occur in the cells that result in induction and 

activation of the p53 protein. In thyroid cancer, the p53 gene contains inactivating point 

mutations in approximately 55% of ATC, but relatively uncommon in PTC and FTC 

(Fagin et al” 1993; Ho et al., 1996; Ito et al” 1992). Thus, the loss of p53 activity 

provides a substantial advantage for cell transformation and uncontrolled proliferation 

(Chene, 2003; Strano et al., 2007; van Oijen and Slootweg, 2000). 

1.3.4.2. Impairment of the balance between anti-apoptotic and pro-apoptotic 

proteins 

Anti-apoptotic proteins of Bcl-2 family (Bcl-2 and Bcl-xL) are central to cell 

survival control in regulating apoptosis by modulating mitochondrial function (Danial, 

2007). Abundant of examples exist where the anti-apoptotic proteins expression are 

highly expressed in cancers, such as lung cancer (Sanchez-Ceja et al., 2006), liver cancer 

(Watanabe et al., 2004), prostate cancer (Pollack et al., 2003)，colorectal cancer (Biroccio 

et al., 2001), and etc. Apart from high levels of anti-apoptotic genes, cancers can acquire 

apoptosis resistance by down- regulation or mutation of pro-apoptotic genes. In certain 

types of cancers, the pro-apoptotic Bcl-2 family member Bax or Bad is mutated (Ionov et 

al., 2000; Lee et al., 2004). In thyroid cancer, higher levels of Bcl-2 or Bcl-xL 
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(Martinez-Brocca et al., 2008; Stassi et al., 2003), or lower levels of pro-apoptotic Bax 

(Cvejic et al., 2008)，have been detected. It is widely accepted that anti-apoptotic proteins 

of Bcl=2 family can inhibit the activation of Bax or Bak (Cory and Adams，2005)� 

Overexpression of Bcl-2 or Bcl-xL was shown to prevent the conformation changes in 

Bax. The incorporation of Bax and Bak into large macromolecular complexes, and the 

competition of Bad between Bcl-2/Bcl-xL and Bax/Bak proteins, are all associated with 

cell apoptosis induction (Shore and Nguyen, 2008; Yip and Reed, 2008). Thus, the 

balance between pro- and anti-apoptotic proteins can determine cellular fate. 

1.3.5 Apoptosis in thyroid cancer therapy 

Defects in the apoptosis=inducing pathways not only can eventually lead to 

expansion of a population of tumor cells, but also can constitute important clinical 

problems such as chemoresistance in cancer therapy because chemotherapy and 

irradiation act primarily by inducing apoptosis. Apoptosis is a multi-step cell death 

programme in the body but apoptotic pathways defects in tumors are always exist, which 

make therapies in advanced thyroid cancer become more complicated. Therefore, how to 

induce tumor cells apoptosis and overcome apoptosis resistance are the main questions in 

cancer therapy. 

In cancer treatment, both chemotherapy and irradiation kill target cells primarily by 

the induction of apoptosis. In thyroid cancer, radioactive iodine is widely used in DTC 

that has the ability to concentrate iodine. Cytotoxic chemotherapy is predominantly 

employed in ATC and may be used in the 20% of DTC that do not concentrate iodine 

(Pasieka, 2003). The commonly cytotoxic agents used in thyroid cancer therapy include: 
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DNA-damaging agents (doxorubicin, epirubicin), inhibitors of topoisomerases 

(etoposide), or antimetabolites (gemcitabine, methotrexate) and so on (Wartofsky and 

Van Nostrand, 200(5)�Apart from above, some new anticancer agents are found out� 

Recently, histone deacetylase (HDAC) inhibitor, such as sodium butyrate (NaB), has 

emerged as a promising new class of antitumor agent through the hyperacetylation of 

histiones and subsequent relaxation of chromatin, enhancing the cytotoxicity of drugs 

target DNA in cancer cells, including ATC (Catalano et al., 2006; Kim et al., 2003). No 

matter chemotherapy or irradiation, it has been evidenced that mitochondrial-mediated 

apoptosis is one of the main targeting apoptotic pathways (Galluzzi et al., 2006). For 

instance, chemotherapeutic agents cause DNA damage and lead to activation of 

pro-apoptotic protein Bax, or increase Bcl-2 and Bax ratio, and thus results Cyto C 

release and apoptosis in vitro and in vivo (Childs et al., 2002; McPake et al., 1998). 

However, few tumors are sensitive to these therapies, and the development of resistance 

to therapy is an important clinical problem. Accordingly, the molecular mechanisms in 

promoting or evading apoptosis may provide a novel opportunity for cancer drug 

development (Fulda and Debatin, 2004). 

1.4 The aims of the study 

Apoptosis plays important roles in thyroid cancer generation, development and 

therapy. Based on the epidemiological studies, iodine supplement influences thyroid 

cancer incidence and histologic types significantly. At the same time, the antitumor effect 

of iodine has been evidenced preliminarily but the underlying mechanism is unknown. 

The relations between iodine and thyroid cancer are very complicated and unknown, but 



the process included in apoptosis may provide them clear clues: the aberrant signaling 

pathways and imbalance between pro- and anti-apoptotic proteins which activated by 

genetic alterations in thyroid cancer. Thus，this study will focus on these clues to explore 

the mechanism of iodine-induced apoptosis in thyroid cancer cells and the effects of 

iodine on chemotherapeutic agents-induced apoptosis. Various methods will be used to 

explore the following three issues: 

• The underlying mechanisms of iodine-induced apoptosis in thyroid cancer cells. 

• The effects and molecular mechanisms of iodine on chemotherapeutic 

agents-induced apoptosis in thyroid cancer cells. 

• The mechanisms of MAPKs signaling pathways and the corresponding apoptosis 

regulators in iodine-induced apoptosis in thyroid cancer cells. 



CHAPTER II: IODINE INDUCES APOPTOSIS THROUGH THE 

REGULATION OF MAPKS-RELATED P53, P21, AND BCL-XL IN 

THYROIB CANCER CELLS 



2 � 1 Imtlirdjdl 皿 

Thyroid cancer, one of the most common endocrine malignancies, is mainly 

composed of three subtypes: papillary thyroid cancer (PTC), follicular thyroid cancer 

(FTC) and anaplastic thyroid cancer (ATC). PTC and FTC are classified as differentiated 

thyroid cancer (DTC), while ATC is undifferentiated thyroid cancer (UDTC) (Braverman 

and Utiger, 2005; Jemal et al., 2008). Iodine plays a central role in thyroid physiology as 

it is a key element in the synthesis of thyroid hormones and maintains the normalcy of 

thyroid tissues. In thyroid cancer, previous researches have indicated that sufficient 

iodine supply prevents the transformation from DTC to ATC through DNA damage and 

gene mutagenesis in the development of thyroid cancer (Dal Maso et al , 2009; Dijkstra et 

al., 2007; Krohn et al., 2007; Maier et al., 2007). Moreover, the mutant genes (such as 

BRAF, RAS, and so on) always activate aberrant cell signaling pathways that control cell 

proliferation and apoptosis, including mitogen activated protein kinases (MAPKs) (Liu et 

al., 2008). Moreover, radioactive 131I therapy is a major ancillary tool that benefits the 

prognosis of thyroid cancer significantly (Toniato et al., 2008). Recently, studies have 

demonstrated that iodide (I") could induce apoptosis in thyroid cells in vitro via producing 

excess molecular iodine (I2) with aid of endogenous peroxidases (Smyth, 2003; Vitale et 

al., 2000). Subsequent studies have indicated that iodine could prevent cancer 

development in vivo and induce apoptosis in vitro (Garcia-Solis et al., 2005; Shrivastava 
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et al., 2006). Therefore, iodine may benefit thyroid cancer by preventing tumor 

transformation and inducing the death of tumor cells, probably in the form of apoptosis. 

MAPKs signaling pathways act critical roles in cell proliferation and apoptosis 

because they can function as a pro- or anti-apoptotic factor by switching to turn on or off 

the substrate proteins, including transcription factor p53 and apoptosis regulators Bcl-2 

family proteins (Osaki et al., 2004; Wada and Penninger, 2004). Moreover, various 

molecules related to iodide metabolism are modulated by MAPKs pathways directly or 

indirectly. For instance, the activation of ERK signaling pathway modulates the level and 

the localization of sodium iodide symporter (NIS), which is one main protein in 

mediating active influx of Iodide into thyrocytes (Jung et al., 2008). However, iittle is 

known about the role of these pathways in iodine-induced apoptotic effects in thyroid 

cancer cells. The roles of MAPKs pathways in apoptosis and iodide metabolism led us to 

hypothesize that these pathways might be involved in iodine-induced apoptosis. 

Therefore, it is of interest to investigate iodine-induced effects in thyroid cancer 

cells and elucidate the molecular mechanisms involved in the process. This section will 

focus on apoptotic effects of iodine in thyroid cancer cells, and elucidate the underlying 

mechanisms that contribute to the apoptotic effect of iodine. 



2.2 Materials and methods 

2.2.1 Cell culture 

Human anaplastic ARO, papillary NPA and follicular WRO thyroid cancer cell lines 

were used in the study. The three cell lines all harbor mutant p53, R273H in ARO, 

G266E in NPA and P233L in WRO respectively (Nagayama et al., 2000). Cells were 

maintained in RPMI 1640，supplemented with 1% L-glutamine, and 100 units/ml 

penicillin-100 |ig/ml streptomycin and 10% heat-inactivated fetal bovine serum (FBS) in 

a humidified incubator at 37°C and 5% CO2. Fresh medium was always added to the cells 

the day before experiments, and the cells were separated via trypsinization using 0.05% 

trypsin/0.53 mM EDTA. All reagents used in the cell culture were purchased from Gibco 

(Grand Island, NY). 

2.2.2 Reagents and antibodies 

Primary antibodies against p21Wafl/cipl (12D1), Bak, phospho-p44/42 

MAPK(ERKl/2) (Thr202/Tyr204), p44/42 MAPK(ERKl/2) and phospho-p38 MAPK 

(Thrl80/Tyrl82) (28B10) were obtained from Cell Signaling Technology (Beverly, MA). 

The other primary antibodies against cytochrome c, Bcl-xL (7B2.5), p53 (DO-1), caspase 

3 (H-277), JNK (F-3), phospho-JNK (Thrl83/Tyrl85) (G-7), p38 (A-12) and p-Actin 

(C-ll) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Horse radish 
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peroxidase (HRP) labelled secondary antibodies were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA)� 

Iodine solution (I2, 50mM) was purchased from Sigma-Aldrich (St Louis, MO). 

ERK inhibitor PD98059 (PD) and p38 inhibitor SB203580 (SB) were obtained from 

Promega (Madison, WI). JNK inhibitor SP600125 (SP) was purchased from 

Sigma-Aldrich (St Louis, MO). 

2.2.3 Cell viability assay 

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazo-

lium bromide (MTT) assay according to the manufacturer's Instraction (Sigma=Aldrkh， 

MO). Briefly, cells were seeded at lxlO4 cells/well in 96-well plates for 24 h before 

treatment followed by incubation with different concentrations of iodine for indicated 

time points. After adding 100 (xl/well MTT solution (0.5 mg/ml in PBS), the cells were 

incubated for another 4 h. Supernatants were then removed and the formazan crystals 

were solubilized in 100 |il/well DMSO. The absorbance at 570 nm/630 nm of each 

sample was measured using multilabel plate reader (PerkinElmer, MA). Every 

experiment was repeated at least 3 times. 



2.2.4 Apoptosis analysis 

Apoptosis assay was performed using APO-DIRECTTM TUNEL ASSAY kit 

(Chemicon international, CA). Cells were harvested and fixed in 1% paraformaldehyde 

for 60 min at 4°C, followed by a second fixation in 70% (v/v) ethanol overnight at -20oC. 

Then the cells were treated with various reagents for a designed period according to the 

manufacturer's instruction. Finally, the cells were analyzed by flow cytometry using 

FACS Vantage machine (Becton Dickinson, NJ). The CellQuest software (Verity 

Software House, USA) were used to analyze the data. 

2o2„S Measuremefflt off mitochondrial uigmbrane potential A � m ！by flow cytometry 

Forty nM of DioC6 (Sigma-Aldrich，MO) were incubated with treated cells at 

indicated time points for 15 min at 37°C. The harvested cells were washed with ice-cold 

PBS and analyzed by flow cytometry using Becton Dickinson FACS Vantage machine 

(Becton Dickinson, NJ). Cells with low A\]/m were presented as a percentage of the total 

cell population. The CellQuest software (Verity Software House, USA) were used to 

analyze the data. 

2.2.6 Western blot analysis 

Total protein was extracted by RIPA buffer [lxPBS, 1% Nonidet P-40 (NP-40), 

0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), pH 7.6 with protease 



inhibitors 0.1% aprotonin, 100 juM sodium orthovanadate and 100 pg/ml 

phenylmethy=sulphonyl=fluoride (PMSF)]. Cytosolic protein fraction was Isolated 

according to a previous procedure (Li et al., 2006). Briefly, the treated cells were 

harvested via trypsinization，then washed with ice-cold PBS and extracted with cold 

homogenization buffer (20 mM HEPES, 20 mM KC1, 1.5 mM MgCl2, 1 mM EDTA，1 

mM EGTA, 1 mM DTT, 1 mM PMSF, 1 mM Na3V03, pH 7.5, and IX Protease 

Inhibitor Cocktail). The re-suspended cells were homogenized with 10 strokes of Teflon 

homogenizer for 10 min at 4°C and the supernatants were further 10,000 g for 3 min at 

4°C to collect the supernatants (the cytosolic fraction). Protein concentration was 

determined by Bio=Rad Dc reagent (Bio-Rad, CA)�Ten p.g of the cytosolic protein or 30 

jxg total protein was separated on 8%-15% SDS/polyacrylamide gels and then transferred 

onto a nitrocellulose membrane (Amersham Biosciences, NJ). The membrane was 

blocked with 5% nonfat milk and then probed with specific primary antibody overnight at 

4°C, followed by incubation with secondary antibodies for 1 h at room temperature after 

washing. The signals were visualized with ECL Kit (GE healthcare，UK). All western 

blot analysis was performed at least twice independently. 

2.2.7 RNA interference 

Thyroid cancer cells ARO (lxlO5 cells/well) were seeded in six-well plates and 

incubated in 2 ml of normal growth medium containing serum without antibiotics for 24 

h. Briefly, for each well of cells to be transfected, 1.5 jig of the p21 siRNA (Cell 
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Signaling, MA) and Bcl-xL siRNA (Invitrogen，CA) were diluted with 100 of 

Opti=MEM I Reduced Serum Medium (Invitrogen, CA), and then 3 (il of 

Lipofectamine™ RNAiMAX (Invitrogen, CA) was diluted with 100 |il of Opti-MEM I 

Reduced Serum Medium (Invitrogen, CA) as manufacturer recommendation. A 

non-targeting siRNA (Invitrogen, CA) was used as negative control. After 6 h incubation 

at 37°C, the medium was replaced with fresh growth medium containing serum and the 

cells were incubated for another 18 h before use. iodine (100 |iM) was then added and 

incubated for 24 h. The cells were harvested for western blot analysis or apoptosis 

analysis. 

Differences between groups were examined for statistical significance using 

Student's t-test. All P-values are two-sided and 尸<0‘05 was considered statistically 

significant. All statistical calculations were performed by the SPSS software (version 

13.0, IL). The data were presented as mean 士 SD from at least three independent 

experiments. 
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2.3 Results 

2.3.1 Iodine induces apoptosis in thyroid cancer cells 

To investigate the effects of iodine on thyroid cancer cells, the growth inhibitory 

effect of iodine was first assessed in three human thyroid cancer cell lines, ARO, NPA 

and WRO. Cell viability was determined by MTT assay after 24 h, 48 h and 72 h iodine 

treatment at various concentrations (0-100 |j,M). In ARO, NPA and WRO cells, growth 

inhibition was induced in a dose- and time-dependent manner (Fig. 2.1A). 

To further determine whether the cell death induced by iodine was associated with 

apoptosis, the apoptotic cells were detected with TUNEL assay�After the 24 h treatment 

with various concentrations of iodine (0-100 jxM), occurrence of apoptosis upon iodine 

administration was observed in ARO, NPA and WRO cells in a dose-dependent manner 

(Fig. 2.IB). However, the sensitivities of three thyroid cancer cell lines to iodine were 

quite different. For instance, at the medium dose of iodine (75 JIM), the apoptotic rates of 

ARO and WRO were similar, 739 士 1.65% and 8.35 土 4.58% respectively, which were 

much lower than in NPA cells, 43.25 士 8.03% (P<0.01). Whereas, at the high dose of 

iodine (100 JIM), the apoptotic rates in three cell lines were all markedly up-regulated, 

but the apoptotic rate of ARO (3L57 土 9.56%) was still much lower than that of NPA 

(81.22 士 6.21%)(尸<0.01) and WRO (56.53 士 8.68%)(尸<0.05). 
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Fig. 2.1 A. Iodine inhibits cell proliferation in thyroid cancer cells. MTT assay was 

used to determine the cell viability. ARO，NPA and WRO were treated with various 

concentrations (0-100 (iM) of iodine for 24 h, 48 h and 72 h respectively. The percentage 

of cell viability was summarized in the histograms. The data represent mean 士 SD of 

three independent experiments. '•'^O.OS and **/><0.01, versus the control group. 
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Fig. 2.1 B. Iodine induces apoptosis in thyroid cancer cells. TUNEL assay was used to 

detect apoptosis by flow cytometry. ARO, NPA and WRO were treated with various 

concentrations (0-100 j^M) of iodine for 24 h. The percentage of apoptotic cells was 

summarized in the histograms. The data represent mean 土 SD of three independent 

experiments. *尸<0.05 and **尸<0’01，versus the control group. 
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2.3.2 Mitochondrial death pathway is involved in iodine-induced apoptosis in 

lilsyiroadl casneer 

To examine whether the apoptosis induced by iodine was through the mitochondrial 

death pathway, the dose course of mitochondrial membrane potential (MMP, A\|/m) 

collapse was examined in iodine-treated thyroid cancer cells. Iodine caused a significant 

reduction of A\(/m in all three types of tumor cells in a dose-dependent manner (Fig. 2.2A 

and 2.2B). It was noted that sensitivities of the cells to iodine were different among these 

three types of cells. NPA and WRO cells were much more sensitive to iodine than ARO 

cells. As shown in Fig. 2.2B, the reduction of A\|/m at the medium dose of iodine (75 ja,M) 

In ARO cells (9.25 ± 4.48%) was obviously less than in NPA (33.03 土 5�490/o) (P<d0i) 

and in WRO cells (28.71 士 10.63%) (P<0.05) respectively. The similar result could be 

found at the high dose of iodine (100 \iM), the reduction of A\|/m in ARO was 48.72 土 

7.84% which was markedly lower than NPA 88.17 士 4.58% (^<0.01) and WRO 62.11 士 

3.07% (尸<0.05). The further examination was conducted on the effects of iodine on the 

mitochondrial pathway by analysis of Cyto C release, which contributes to caspase 3 

activation. As shown in Fig. 2.2C, after the 24 h treatment with various concentrations of 

iodine (0-100 |iM), increased Bak and cytosolic Cyto C proteins were observed, 

especially at high dose of iodine (100 jxM). Additional observation showed that 

procaspase 3 was markedly decreased in a dose-dependent manner, particularly in NPA 

and WRO cells (Fig. 2.2C). 
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Fig. 2.2 A and B. Mitochondrial membrane collapse in iodine-induced apoptosis in 

thyroid cancer cells. The mitochondrial membrane potential collapse (A\(/m) was 

measured by flow cytometry after staining the cells with DioC6 and quantitative analysis 

of A\|/m was shown. ARO, NPA and WRO were treated with various concentrations 

(0-100 jiM) of iodine for 24 h. The data represent mean 士 SD of three independent 

experiments. *尸<0.05 and **尸<0.01，versus the control group. 
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Fig. 2.2 C. Mitochondrial death pathway is involved in iodine-induced apoptosis in 

thyroid cancer cells. Western blot analysis was used to detect the expression of Bak, 

procaspase-3 and Cyto C (cytosolic fraction). ARO, NPA and WRO were treated with 

various concentrations (0-100 JIM) of iodine for 24 h and the protein was isolated for 

Western blot analysis. p-Actin in the total protein was used as a control and experiments 

were repeated at least twice. 



2.3.3 Iodine induces p21 accumulation in p53 mutant thyroid cancer cells 

To determine whether the apoptosis induced by iodine was correlated with mutant 

p53 and p21 in thyroid cancer cells, the expression of p53 and p21 was evaluated by 

Western blot analysis. The results showed that iodine reduced the level of mutant p53 but 

increased the expression of p21 in a dose- and time-dependent manner in three thyroid 

cancer cell lines (Fig. 2.3A and 2.3B). p21 siRNA was used to knockdown the p21 

expression and investigate its role in thyroid cancer cells treated by iodine. Knockdown 

of p21 was performed in ARO cells followed by 100 (iM of iodine treatment for 24 h. As 

shown in Fig. 2.3C, knockdown of p21 was confirmed by Western blot analysis. In the 

following step, the investigations were carried out on the changes in apoptosis after the 

application of p21 siRNA. Compared with the negative control (cells transfected with 

non=targeting siRNA), p21 siRNA markedly down-regulated apoptosis of ARO cells at 

24 h after the p21 siRNA transfection (35.29 士 7.66% w. 19.68 士 4.07%, P<0.05) (Fig. 

2.3D). 



Fig. 2.3 A and B. Time- and dose-course experiments of iodine-mediated apoptosis 

requires mutant p53 down-regulation and p21 accumulation in thyroid cancer cells. 

A: Time-course experiment. ARO, NPA and WRO cells were treated with 100 p,M 

iodine for the indicated time points (30 min to 24 h). After the treatment, Western blot 

was used to detect the expression of p53 and p21. p-Actin in the total protein was used as 

a control and experiments were repeated at least twice. B: Dose-course experiment. 

ARO, NPA and WRO cells were treated with different concentrations of iodine (0-100 

|xM) for 24 h. After the treatment, Western blot was used to detect the expression of p53 

and p21. p-Actin in the total protein was used as a control and experiments were repeated 

at least twice. 
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siRNA effectively knocked out the expression of p21 protein in ARO cells as detected by 
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determined by flow cytometry and the result was summarized in the histograms. The data 

represent mean 土 SD of three independent experiments�*尸<0�05，versus ARO cells 

treated by iodine in non-targeting siRNA transfected group. 

2.3.4 Up-regulation of Bcl-xL expression protects thyroid cancer cells from 

iodine-induced apoptosis 

To test whether anti-apoptotic proteins, such as Bcl-2 and Bcl-xL, were involved in 

the regulation of apoptosis induced by iodine, the levels of Bcl-2 and Bcl-xL by Western 

blot analysis were checked and the results were shown as Fig. 2.4A and 2.4B. From the 

figures it could be found that the expression of Bcl=xL protein was significantly 

up-regulated, especially at the high dose of iodine (100 jiM) (Fig. 2.4A and 2.4B), but no 

significant difference in Bcl-2 protein expression was found (data not shown). To clarify 

the function of Bcl-xL, the knockdown of Bcl-xL expression by specific Bcl-xL siRNA 

was performed (Fig. 2.4C). Bcl-xL siRNA significantly increased apoptotic cells of ARO 

from 35.29 士 7.66% to 82.29 土 7.59% (P<0.01, Fig. 2.4D) 
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Fig. 2.4 A and B. Up-regulation of Bcl-xL expression protects thyroid cancer cells 

from iodine-induced apoptosis. A: Time-course experiment. ARO, NPA and WRO 

cells were treated with 100 |iiM iodine for the indicated time points (30 min to 24 h)‘ 

After the treatment, Western blot was used to detect the expression of Bcl-xL. B: 

Dose-course experiment. ARO, NPA and WRO cells were treated with different 

concentrations of iodine (0-100 jxM) for 24 h. After the treatment, Western blot was used 

to detect the expression of Bcl-xL. p-Actin in the total protein was used as a control and 

experiments were repeated at least twice. 



Fig. 2.4 C and D. Effects of Bcl-xL knock down in ARO cells treated by iodine. C: 

Western blot was used to confirm that the expression of Bcl-xL was effectively blocked 

by Bcl-xL siRNA in ARO cells. Cells transfected with non-targeting siRNA was used as 
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negative control. D: ARO cells were transfected with Bcl-xL siRNA or non-targeting 

siRNA for 24 h, and then treated with 100 p,M iodine, Apoptotic cells were determined 

by flow cytometry after staining the cells with TUNEL. The percentage of the apoptotic 

cells was summarized in the histograms. The data represent mean 土 SD of three 

independent experiments. mP<0.0\, versus non-targeting siRNA transected cells in 

control group; **/)<0.01, versus non-targeting siRNA transfected cells in iodine-treated 

group. 

2.3.5 MAPKs pathways are activated in iodine-induced apoptosis 

To explore whether MAPKs pathways are involved in iodine treated thyroid cancer, 

the expression of the distinct subfamily members of MAPKs (ERK1/2, p38 and JNK1/2) 

were detected after exposure of thyroid cancer cells to 100 (iM of iodine for a period of 

30 min to 24 h by Western blot. The results showed that the levels of the phosphorylated 

ERK1/2 (p-ERKl/2), phosphorylated p38 (p-p38), and phosphorylated JNK1 (p46) 

(p-JNKl) were transiently up-regulated in ARO, NPA and WRO cells (Fig. 2.5A). 

Meanwhile, the activation of these cascades started at 30 min or 60 min, and most of 

them peaked at 4 h. To understand more about the activation of these cascades on the 

induction of apoptosis, the specific inhibitors were used. ARO ceils were pretreated with 

40 \iM PD, 40 jiM SB, or 50 îM SP for 1 h respectively, before 100 JIM of iodine were 

added. After adding iodine, the cells were cultured for another 12 h. The result showed 
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that the cell viability of ARO cells was markedly decreased by all three inhibitors 

CP<0.05) (Fig. 2.5B). 
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Fig. 2.5 B. Effects of ERK, p38 and JNK inhibitors on the viability of iodine-treated 

ARO cells. MTT assay was used to analyze the cell viability. ARO cells were pretreated 

with 40 jaM PD98059 (PD), 40 |iM SB203580 (SB), or 50 îM SP600125 (SP) for 1 h and 

then treated with 100 fiM iodine for 12 h. The percentage of cell viability of treated cells 

was assayed by MTT. Experiments were repeated three times. The data were expressed 

as mean 士 SD. *P<0.05, versus iodine treatment alone. 
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2.3.6 Iodine modulates the expressions of p53, p21 and Bcl-xL through MAPKs 

signaling pathways 

To study how the activation of signal cascades MAPKs pathways functions in the 

reduction of p53, accumulation of p21 and Bcl-xL in iodine-treated thyroid cancer cells, 

ARO cells were treated with 100 ^M iodine for 12 h in the presence or absence of the 

specific inhibitors. As shown in Fig. 2.5C, in iodine-treated ARO cells, mutant p53 

expression was down-regulated by all three inhibitors, and the level of p21 also was 

reduced by these inhibitors (PD and SB) except the JNK 1/2 inhibitor (SP). Meanwhile, 

PD and SB promoted Bcl-xL expression while SP inhibited it. 

c 
p53 

p21 

Bcl-xL 

P -Actin 

Fig. 2.5 C. Effects of ERK, p38 and JNK inhibitors on p53, p21 and Bcl-xL 

expressions in iodine-treated ARO cells. Western blotting analysis was used to detect 

the expressions of p53, p2l and Bcl-xL. ARO cells were treated as in Fig. 2.5B. Control 

cells were treated with vehicle. P-Actin in the total protein was used as a control and 

experiments were repeated at least twice. 



2.4 Discussion 

Iodine Is well known for Its function in thyroid gland to produce thyroid hormones, 

but is scarcely known about its correlations with thyroid cancer at the molecular level. 

Epidemiological studies have shown that sufficient iodine supply can prevent the 

development of thyroid cancer (Dal Maso et al” 2009; Dijkstra et al., 2007; Krohn et al” 

2007; Maier et al., 2007). However, the mechanism is unclear. Previous studies have 

shown that the function or expression of iodide-specific transportation genes such as NIS 

is usually impaired in thyroid cancer cells including these used in the present study 

(Schlumberger et al., 2007), which will destroy iodide (I") uptake. Whereas, it has been 

reported that excess molecular iodine (iodine, I2) generation and oxidation of ionic iodine 

by endogenous peroxidases are key steps in iodide=indoced apoptosis (Vitale et al。，2000)， 

and that iodine intake can be independent of the iodide-specific transportation genes such 

as NIS (Garcia-Solis et al., 2005; Shrivastava et al., 2006). Therefore, molecular iodine 

(iodine, I2) was used in the present experiment to exert its effects. 

Apoptosis induced by iodine in thyroid cancer cells appears to be via the 

mitochondrial pathway since iodine targets the mitochondria to reduce mitochondrial 

membrane potential, increase the mitochondrial-related pro-apoptotic molecule Bak, and 

promote the release of Cyto C from the mitochondria. It is interesting to note that the 

three types of thyroid cancer cell lines have different sensitivities to iodine-induced 

apoptosis. The apoptotic rate of PTC cell line NPA appears to be much higher than that 

of ATC cell line ARO and FTC cell line WRO. This finding may suggest that 

iodine-based therapy is more suitable for PTC or the insufficient iodine intake may affect 
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PTC more than other types of thyroid cancers. In line with this finding, an 

epidemiological study shows that iodine deficiency increases the incidence of PTC, 

resulting In the decreased ratio of FTC to PTC (Burgess et aL? 2000)� Therefore，these 

data support the epidemiological or clinical observation that the state of iodine can 

influence the distribution of histological subtypes of thyroid cancer (Dijkstra et al., 2007) 

Further experiments reveal that iodine-induced apoptosis is associated with p53 and 

p21 expression. Iodine could reduce the expression of p53 protein but increase the level 

of p21 in all three types of thyroid cancer cells tested. The effect of iodine on these two 

molecules is in both time- and dose-dependent manners. p53 acts as a major defense 

against cancer, but malfunction of the p53 pathway is an almost universal hallmark of 

cancer�p>53 is dysfunctional in approximately 55% of ATC (Smallridge et al。，2009; 

Whibley et al., 2009). It is known that ARO harbors p53 R273H mutant, NPA and WRO 

contain p53 G266E and P223L mutants respectively (Nagayama et al., 2000). Among 

these three p53 mutants, R273H is known to exhibit a dominant negative effect through 

inactivation of the function of wild-type p53 or gains new function as an anti-apoptotic 

agent to induce drug resistance (Willis et al., 2004; Wong et al., 2007). Therefore, the 

down-regulation of R273H p53 by iodine in ARO cells should facilitate apoptosis rather 

than inhibit it, which benefits the anti-tumor treatment. It is unknown whether p53 G226E 

in NPA and p53 P223L in WRO can also function as R273H p53 in ARO. However, at 

least it is known that thyroid cancer cells with p53 G226E and p53 P223L do not possess 

the function of wild-type p53 (Xiao et al., 2009). Notably, In thyroid cancer, the p53 gene 

contains inactivating point mutations in approximately 55% of ATC, but relatively 

uncommon in DTC, suggesting that p53 mutations play a crucial role in the progression 
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of DTC to ATC (Fagin et al., 1993; Ho et al., 1996; Ito et al., 1992). Our results provide 

molecular evidence that iodine functions crucially in the biologically aggressive subtypes 

of thyroid cancer through the mutant form of p53 protein�p21 is deemed to be an 

important molecule in tumor development and drug-induced tumor suppression (Gartel 

and Tyner, 2002). This notion is supported in this study since the block ofp21 significantly 

diminishes iodine-mediated apoptosis. In fact, the up-regulation of p21 has been reported 

to enhance apoptosis induced by antitumor agents in thyroid cancer cells (Catalano et al., 

2009; Xiao et al., 2009; Yang et al., 2003). Although p21 can be induced by both 

p53-dependent and p53-independent mechanisms, in the present study p53 is unlikely to 

promote the iodine-induced p21 since the level of p53 is reversely associated with p21 and 

p53 in the cells tested is mutant. Taken together, these data provide evidence that iodine 

can induce apoptosis by induction of p21 and/or reduction of mutant p53 in human 

thyroid cancer cells. 

Surprisingly, high doses of iodine enhance the level of Bcl-xL rather than inhibit it. 

Bcl-xL is a well known anti-apoptotic protein and it may influence the anti-tumor effect 

of iodine. Previous studies have shown that Bcl-xL up-regulation is one main pathway 

that results in chemoresistance (Wang et al., 2009), whereas predominant Bcl-xL 

knockdown or Bcl-xL inhibitors overcome chemoresistance (Bai et al., 2005; Shoemaker 

et al., 2006). The findings indicate that the thyroid tumor cells, in response to the 

iodine-mediated damage, express more Bcl-xL as a compensated measurement to protect 

themselves. Based on this concept, once this compensated Bcl-xL is blocked, iodine should 

induce more apoptosis in thyroid cancer cells. Indeed, this is the case in our experiment. 

The percentage of apoptotic thyroid cancer cells is significantly increased when the cells 
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are treated with iodine in the presence of Bcl-xL siRNA. In the other aspect, it is evident 

that Bcl-xL can expedite cell differentiation (Liste et al., 2007). Data have showed that 

the level of Bd=xL is higher In DTC than in ATC (Martinez-Brocca et al。，2008; Stassi et 

al., 2003). Although in this study the basic level of Bcl-xL in ATC was similar to that in 

NPA and WRO, both of which are DTC, iodine-induced Bcl-xL was much higher in the 

latter than in the former after 24 h-treatment. This finding suggests that iodine may 

function in favor of thyroid tumor differentiation. Therefore, based on the known 

information and our results, it can be concluded that Bcl-xL may be one of the critical 

proteins for iodine to influence the development of thyroid cancer, which may open up a 

novel approach to thyroid cancer therapy. 

The expressions of p53, p21 and Bcl-xL are closely associated with MAPKs 

signaling pathways, which function critically in the regulation of cell proliferation and 

apoptosis (Franke et al., 2003; Johnson and Lapadat, 2002). For instance, p53-mediated 

apoptosis is closely correlated with ERK, or p38 activation (She et al., 2001). Using 

relevant inhibitors of these kinases, this study indicated that all tested subfamily members 

of MAPKs function as anti-apoptotic factors in thyroid tumor cells studied. The 

anti-apoptotic feature of these 3 kinases tested was reinforced by the experiment showing 

that the inhibition of ERK 1/2 and p38 reduced the viability of thyroid tumor cells and 

was negatively associated with the levels of anti-apoptotic R273H-mutated p53 and 

pro-apoptotic p21. These findings suggest that the activation of ERK 1/2 and p38 function 

as anti-apoptotic factors likely through modulating R273H-mutated p53 expression. 

Meanwhile, the inhibition of JNK pathway was negatively associated with the levels of 

R273H-mutated p53 and Bcl-xL but not correlated with p21 expression, suggesting that 
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JNK functions as an anti-apoptotic protein factor not only through modulating 

R273H-mutated p53 expression but also Bcl-xL expression. Collectively, the modulation 

of the expression of R273H=imutated p53 is likely a main step for ERK1/2, p38 and JNK 

to function as anti-apoptotic factors in iodine-induced apoptosis, and targeting Bcl-xL is 

another pathway for JNK to function as an anti-apoptotic factor. Therefore, the findings 

reveal that iodine plays an important role in apoptosis of thyroid cancer via regulation of 

three major kinases, which further influence the levels of mutant p53, Bcl-xL and p21. 

In conclusion, our results demonstrate that the apoptotic effects of iodine in thyroid 

cancer cells are mediated by mitochondrial pathway, and involved in the regulation of 

mutant p53 and up-regulation of p21 and Bcl-xL expression. More importantly, mutant 

p53 and Bcl=xL not only function as apoptosis regulators but also are critical proteins for 

iodine to influence thyroid cancer transformation. In the iodine-mediated apoptosis, the 

transient activation of MAPKs not only appears to be anti-apoptotic, but also functions in 

the regulation of cell differentiation, likely through modulating the levels of the mutated 

p53 or Bcl-xL. The data of this study provide some molecular evidence to explain why 

insufficient iodine intake is a risk factor for thyroid cancer, and generate some novel 

targets that may be potential for the treatment of this malignancy. 
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CHAPTER III: IODINE MODULATES DOXORUBICIN AND 

SODIUM BUTYRATE=INDUCED APOPTOSIS IN THYROID 

CANCER CELLS THROUGH ERK/P38-MEDIATED BCL-XL 

EXPRESSION 
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Thyroid cancers which origins from follicular thyroid cells have three main subtypes: 

papillary thyroid cancer (PTC), follicular thyroid cancer (FTC) and anaplastic thyroid 

cancer (ATC). The former two belong to differentiated thyroid cancer (DTC) with well 

prognosis, while, ATC is a rare but aggressive subtype of thyroid cancers with median 

survival of 4-12 months from the time of diagnosis (Are and Shaha, 2006; Braverman 

and Utiger, 2005). Multimodal therapies such as surgical resection, radiotherapy and 

chemotherapy have been used, but no satisfactory treatment has been established yet. 

Indeed, more than 50% of patients with ATC are metastatic and they frequently resist 

radiotherapy (Pasieka, 2003)�Therefore， i t needs to enhance the efficacy of 

chemotherapy for ATC. Doxorubicin (Dox) is known to be the most effective single 

cytotoxic drug against tumors by introducing double-strand breaks on DNA in 

proliferating cells to trigger apoptosis (Swift et al., 2006). However, the clinical impact of 

Dox on thyroid cancer remains limited due to a high degree of chemoresistance (Pasieka, 

2003). Histone deacetylase (HDAC) inhibitors, such as sodium butyrate (NaB), have 

emerged as a promising new class of antitumor agents through the hyperacetylation of 

histiones and subsequent relaxation of chromatin, enhancing the cytotoxicity of drugs to 

target DNA in cancer cells including ATC (Catalano et al” 2006; Kim et al” 2003; 

Massart et al., 2005). Recently, there is a report showing that successful treatment of 
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ATC can be achieved by the combination of the HDAC inhibitor with Dox and other 

treatments, although the mechanism is unknown (Noguchi et al。，2009)� 

Iodine is one basic element of thyroid via modulating cell growth and development. 

Previous studies have shown that sufficient iodine supply could prevent the development 

of thyroid cancer (Farahati et al., 2004; Krohn et al., 2007; Maier et al., 2007). However, 

iodine metabolism is impaired in thyroid cancer, which reduces bioavailability of iodine 

and limits the effect of radioactive 131I therapy to benefit the malignancy of thyroid 

(Schlumberger et al., 2007; Van Nostrand and Wartofsky, 2007). Recent studies indicated 

that chemotherapeutic agents, Dox and HDAC inhibitors, could enhance iodide uptake 

via restoring the function of sodium iodide symporter (NIS) gene, which majoring iodide 

transport (Haugen, 2004; Kim et al., 2007b). Thus, this study was based on the believing 

that iodine should be taken into account in thyroid cancer chemotherapy. 

Members of the Bcl-2 family proteins are essential regulators of apoptotic process 

induced by various stimuli, including chemotherapeutic agents (Chipuk et al., 2008; 

Weintraub et al , 2004). Bcl-xL, an anti-apoptotic protein of Bcl-2 family, is highly 

expressed in a variety of thyroid cancers, contributing to chemoresistance in thyroid 

cancer treatment (Martinez-Brocca et al., 2008). Moreover，Bcl-xL up-regulated by 

mitogen-activated protein kinases (MAPKs) pathways have been conferred as one 

important pathway in chemoresistance (Wang et al., 2009), and HDAC inhibitors could 

effectively reverse the resistance to apoptosis through down-regulating Bcl-xL expression 
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(Hajji et al., 2008; Natoni et al” 2005). Previous studies also demonstrated that iodine 

could modulate Bcl=xL expression through activated MAPKs pathways�Thus，we 

hypothesize that the chemotherapeutic agents (Dox and HDAC inhibitors) and iodine 

function in concert to regulate Bcl-xL and MAPKs signaling pathways and trigger 

apoptosis in thyroid cancer cells. Therefore, the study will examine the effects of iodine 

and chemotherapeutic agents Dox and HDAC inhibitor NaB on apoptosis in ATC cells. 

3.2 Materials and methods 

3.2.1 Cell culture and treatment 

Human ATC cell line ARO cells were cultured in RPMI 1640, supplemented with 

1% L-glutamine, and 100 units/ml penicillin-100 jig/ml streptomycin and 10% 

heat-inactivated fetal bovine serum (FBS) in a humidified incubator at 37°C and 5% CO2. 

Fresh medium was added to the cells the day before experiments. ARO cells were treated 

with I2 (50 (J.M), NaB (4 mM) and Dox (1 fig/ml), alone or in combination for 48 h. For 

ARO cells treated with NaB plus other agents, the cells were pretreated with 4 mM NaB 

for 6 h before the addition of other agents (Catalano et al., 2009; Kim et al” 2005). All 

reagents used in the cell culture were purchased from Gibco (Grand Island, NY). 



3.2.2 Reagents and antibodies 

Primary antibodies against Bax, Bak, caspase 3，phospho-p44/42 MAPK(Erkl/2) 

(Thr202/Tyr204), p44/42 MAPK(Erkl/2) and phospho-p38 MAPK (Thrl80/Tyrl82) 

(28B10) were obtained from Cell Signaling Technology (Beverly, MA). The other 

primary antibodies against Cyto C, Bcl-xL (7B2.5), JNK (F-3), phospho-JNK 

(Thrl83/Tyrl85) (G-7), p38 (A-12), and P-Actin (C-ll) were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA). Horse radish peroxidase (HRP) labeled secondary 

antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Iodine (I2), 

NaB, and Dox were all purchased from Sigma (Sigma-Aldrich, MO). ERK inhibitor 

PD98059 and p38 inhibitor SB203580 were obtained from Promega (Madison, WI), 

3.2.3 Measurement of mitochondrial membrane potential (A\|/m) by flow cytometry 

Forty nM DioC6 (Sigma-Aldrich, St. Louis, MO) were incubated with treated cells 

at indicated time-points for 15 min at 370C. The harvested cells were washed with 

ice-cold PBS and analyzed by flow cytometry at an excitation wavelength 488 nm and an 

emission wavelength 525 nm by Becton Dickinson FACS Vantage machine. Cells with 

low A\]/m were presented as the percentage of the total cell population. The CellQuest 

software (Verity Software House, Topsham, ME) was used to analyze the data. 
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3.2.4 Apoptosis analysis 

Apoptosis assay was performed using APO-DIRECT™ TUNEL ASSAY kit 

(Chemicon international, San Diego, CA). At the indicated time points, cells were 

harvested and fixed in 1% paraformaldehyde for 60 min at 4°C at first, followed by 

washing with ice-cold PBS and fixing in 70% (v/v) ethanol overnight at -20°C. Then the 

cells were treated with various reagents for a designed period according to manufacture's 

instruction. Finally, the cells were analyzed by flow cytometry using a 488-nm argon 

laser for excitation by FACS Vantage machine (Becton Dickinson, Franklin Lakes, NJ). 

The CellQuest software (Verity Software House, Topsham，ME) was used to analyze the 

data. 

3.2.5 Western blot analysis 

Total protein was extracted by RIPA buffer [lxPBS, 1% Nonidet P-40 (NP-40), 

0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), pH 7.6 with protease 

inhibitors 0.1% aprotonin, 100 ja.M sodium orthovanadate and 100 (ig/ml 

phenylmethy-sulphonyl-fluoride (PMSF)]. Cytosolic protein fraction was isolated 

according to a previous procedure (Li et al., 2006). Protein concentration was determined 

by Bio-Rad Dc reagent (Bio-Rad, CA). Ten (iig of the cytosolic protein or 30 p,g of the 

total protein was separated on 8%= 15% SDS/polyacrylamide gels and then transferred 

onto a nitrocellulose membrane (Amersham Biosciences, NJ). The membrane was 



blocked with 5% nonfat milk and then probed with specific primary antibody overnight at 

4°C，followed by incubation with secondary antibodies for 1 h at room temperature after 

washing. The signals were visualized with ECL Kit (GE healthcare, UK). All Western 

blot analyses were performed at least twice independently. 

3.2.6 Reverse transcription-polymerase chain reaction (RT-PCR) 

Total RNA was isolated from thyroid cancer cells using Trizol reagent (Invitrogen， 

CA) following the instructions provided by manufacturer. First-strand DNA synthesis 

was primed with oligo(dT) and completed using Reverse Transcription System (Promega, 

Madison, WI) followed by polymerase chain reaction (PCR)�Primer sequences were as 

follows: Bcl-xL forward (367F), 5，-CAT CAC CCC AGG GAC AGC ATA TC-3'; 

reverse (367R)，5，-TGG TCA TTT CCG ACT GAA GAG TG-3'; G3PDH forward 

(435F), 5'-CAC TGC CAC CCA GAA GAC TG-3'; reverse (435R), 5'-TCC ACC ACC 

CTG TTG CTG TA-3'. The PCR conditions are as follows: an initial 3 min-denaturation 

at 94�C , followed by 30 cycles of amplification at 94�C for 30 s, 56°C for 30 s, and 72°C 

for 45 s. RT-PCR products were visualized by ethidium bromide staining on 1.5% 

agarose gels. 

3.2.7 Transient transfections 

ARO cells were plated in 6-well plates 24 h prior to transfection and grown in 70% 

confluence. Plasmid p3Bcl-xL, which contains full length of human Bcl-xL sequence 
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(NM—138578), was used in transient transfection (Miao et al., 2006). The empty vector 

pcDNA3.1(+) (Invitrogen, CA) was used as a control For each well of cells to be 

transfected, 1 p,g of plasmid was diluted with 100 \i\ of Opti-MEM I Reduced Serum 

Medium (Invitrogen, CA), and then 3 [i\ of Lipofectamine™ 2000 (Invitrogen, CA) was 

diluted with 100 |ul of Opti-MEM I Reduced Serum Medium (Invitrogen, CA) as 

manufacturer recommendation. After 6 h incubation at 37°C, the medium was replaced 

with fresh growth medium containing serum and the cells were incubated for another 18 

h before use. 

3.2.8 Statistical analysis 

Differences between groups were examined for statistical significance using 

Student's t-test. All p-values are two-sided and 尸<0.05 was considered statistically 

significant. All statistical calculations were performed by the SPSS software (version 

13.0，IL). The data were presented as mean ± SD from at least three independent 

experiments. 
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3.3 Results 

3.3.1 Iodine modulates apoptosis induced by Dox, NaB and NaB-Dox through 

mitochondrial pathway 

To determine the effect of iodine and chemotherapeutic agents in combination on 

the cell death of thyroid cancer cells, TUNEL assay was used to assess apoptotic cells. 

ARO cells were treated with I2 (50 JIM), NaB (4 mM) and Dox (1 jag/ml), alone or in 

combination for 48 h. For ARO cells treated with NaB plus other agents, the cells were 

pretreated with 4 mM NaB for 6 h before the addition of other agents. As illustrated in 

Fig. 3�1A, apoptotic cells in Dox- and NaB4reated groups were moderate, 6.93 土 2�08% 

and 30.27 ± 8.38% respectively. The combination of NaB and Dox (NaB-Dox) sharply 

enhanced the apoptotic cells to 80.81 士 5.54%. The apoptosis rate of ARO cells treated 

by 50 fxM of I2 alone was mild (8.22 士 1.97%), and it counteracted apoptosis induced by 

Dox (Dox: 6.93 士 2.08%，w. Dox-I2: 2.88 士 0.7%, P<0.05) and NaB plus Dox (NaB-Dox: 

80.81 土 5.54%, w. NaB-Dox-I2: 35.62 士 4.38%，尸<0.01)，although NaB-induced 

apoptosis was promoted (NaB: 30.27 士 8.38%, w. NaB-I2: 51.62 士 1.36%,尸<0.05). 

To discover whether the mitochondrial death pathway was involved in the process, 

the reduction rate of mitochondrial membrane potential (MMP) was examined. The result 

was quite matched to the TUNEL data (Fig. 3.IB). Western blot analysis revealed that 

administration of NaB-Dox resulted in the strongest release of Cyto C into cytosolic 



fraction and activation of caspase 3 and the effect were partly inhibited when NaB-Dox 

co=administrated with iodine, while, other treatments showed minimal effects (Fig. 3.1C). 

The Western blot data appeared to be concordant with the results obtained by TUNEL 

and MMP measurement. 
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Fig. 3.1 Iodine modulates apoptosis induced by Dox, NaB and NaB-Dox through the 

mitocBiomdriall paifiiway. ARO cells were treated with I2 (50 piM), NaB (4 niM) and Dox 

(1 jxg/ml), alone or in combination for 48 h. For ARO cells treated with NaB plus other 

agents, the cells were pretreated with 4 mM NaB for 6 h before the addition of other 

agents. A. The apoptotic cells were assessed by flow cytometry with TUNEL assay. The 

data represent mean 土 SD of three independent experiments, *P<0.05, **户<0.01. B. 

The percentage of cells exhibiting reduction of mitochondrial membrane potential (MMP) 

was assayed by flow cytometry after staining the cells with DioC6. The data represent 

mean 士 SD of three independent experiments, *P<0.05, **尸<0.01. C. Total protein 

and cytosolic fractions were isolated after treatments and Western blot was used to detect 

Cyto C and cleaved caspase 3 expression. Experiments were repeated at least twice. 
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3.3.2 The expression of Bcl-xL in ARO cells treated by iodine, Dox and NaB 

To explore whether pro-apoptotic proteins Bax/Bak and anti-apoptotic protein 

Bcl-xL are involved in apoptosis induced by Dox, NaB and NaB-Dox, with or without 

iodine, Bax/Bak and Bcl-xL expressions were detected by Western blot. As shown in Fig. 

3.2A, the level of Bax in each group was not significantly altered. Bak was up-regulated 

in all groups treated with NaB, but there was no significant difference between Dox and 

Dox-I2, NaB and NaB-l2, or NaB-Dox and NaB-Dox-I�. Compared with the control, 

Bcl-xL was down-regulated by various treatments. Moreover, Bcl-xL expression in 

D0X-I2 was higher than Dox, and NaB-Dox-h was higher than NaB-Dox, while NaB-I� 

was lower than NaB�Similar results were obtained by RT-PCR ( F i g � 3 � 2 B ) � T h e 

expression pattern of anti-apoptotic protein Bcl-xL was matched with the changes in 

apoptotic cells detected by TUNEL, the reduction of MMP, the release of Cyto C and the 

activation of caspase 3, suggesting that the reduction of Bcl-xL might be a main 

mechanism contributed to apoptosis induced by iodine, Dox, and NaB, alone or in 

combination. 

90 



Fig. 3.2 Expression of Bcl-xL in ARO cells treated with iodine, Dox and NaB. ARO 

cells were treated with 12 (50 (j,M), NaB (4 mM) and Dox (1 fig/ml), alone or in 

combination for 48 h. For ARO cells treated with NaB plus other agents, the cells were 

pretreated with 4 mM NaB for 6 h before the addition of other agents. A. Total protein 

was isolated after treatment and Western blot was used to detect Bax, Bak and Bcl-xL 

expression. Experiments were repeated at least twice. B. Total RNA was prepared from 

ARO after treatment and RT-PCR was used to detect Bcl-xL expression. G3PDH was 

used as a control and experiments were repeated at least twice. 
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3.3.3 Bcl-xL overexpression blocks apoptotic effects 

To verify the role Bcl-xL in the apoptosis induced by iodine and the 

chemotherapeutic agents, Bcl-xL protein in ARO cells was overexpressed (Fig. 3.3A). 

Then MMP reduction and apoptotic cells were assayed by flow cytometry. As shown in 

Fig. 3.3B and 3.3C，MMP reduction and apoptotic cells in ARO transfected with Bcl-xL 

were decreased in each group in varying degrees. Western blot analysis was used to 

assess the release of Cyto C and activation of caspase 3 (Fig. 3.3D). ARO cells 

transfected with empty vector and then treated by NaB-Dox were used as control. 

Comparing with the control, the levels of both Cyto C and caspase 3 were decreased in 

ARO cells transfected with Bcl-xL3 suggesting that Bcl=xL overexpression could inhibit 

apoptosis. 
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Fig. 3.3 Bcl-xL overexpression blocks apoptosis. ARO cells were transiently 

iiracasfectedll watCii Bcli=xL or empty vector pflasmdd�The transfected ARO cells were 

treated with I2 (50 juM), NaB (4 mM) and Dox (1 fig/ml), alone or in combination for 48 

h. For ARO cells treated with NaB plus other agents, the cells were pretreated with 4 mM 

NaB for 6 h before the addition of other agents. A. Total protein was isolated after 

transfection and treatments, and then Western blot was used to detect Bcl-xL expression. 

ARO cells transfected with vector were used as control. Experiments were repeated at 

least twice. B. After transfection and treatment, MMP reduction of ARO cells was 

assayed by flow cytometry after staining the cells with DioC6. ARO cells transfected 

with empty vector were used as control The data represent mean + SD of three 

independent experiments, *P<0.05, **^<0.01. C � A f t e r transfection and treatments, 

TUNEL assay was used to assess the apoptotic cells. ARO cells transfected with vector 

were used as control. The data represent mean 土 SD of three independent experiments, 

*P<0.05, **尸<0.01�D. Total protein and cytosolic protein were isolated after 

transfection and treatments, and then Western blot was used to detect caspase 3 and Cyto 

C expression. ARO cells transfected with empty vector and treated by NaB-Dox were 

used as control. Experiments were repeated at least twice. 
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3.3.4 ERK and p38，but not JNK, are implicated in apoptosis induced by iodine, Dox 

smd NaB 

To explore whether MAPKs signaling pathways are involved in the process, an 

initial examination was carried out on the expressions of ERK 1/2，p38 and JNK 1/2 

expression in ARO cells by Western blot. As shown in Fig. 3.4, it could be observed that 

the levels of both phospho-ERK (p-ERK) and phospho-p38 (p-p38) were modulated by 

various treatments; however the expression of phospho-JNK (p-JNK) was not 

significantly affected. ERK was activated in cells treated with Dox, NaB, and NaB-h, but 

inhibited in those treated with I2, NaB-Dox, and NaB-Dox-I�. In contrast, levels of 
y 

p^ERK varied with treatments�It was reduced markedly in cells treated with NaB=Dox, 

compared with cells treated with Dox or NaB alone. Moreover, p-ERK level in 

Dox=treated ARO cells was higher than in Dox-l2-treated ARO cells; On the contrary, 

p-ERK level in NaB-Dox-treated ARO cells was lower than in NaB-Dox-l2-treated ARO 

cells, although the level of p-ERK did not differ significantly between cells treated with 

NaB and those treated with NaB-I2. Compared with control, the level of p-p38 was 

increased in cells treated with NaB-Dox, but decreased in all other groups. Notably, 

p-p38 levels in Dox and NaB-Dox treated ARO cells were inhibited when combined with 
iodine. 



Fig. 3.4 ERK and p38, but not JNK, are implicated in apoptosis induced by iodine， 

Dox, and NaB. ARO cells were treated with I2 (50 JLIM), NaB (4 MM) and Dox (1 pg/ml), 

alone or in combination for 48 h. For ARO cells treated with NaB plus other agents, the 

cells were pretreated with 4 mM NaB for 6 h before the addition of other agents. Total 

protein was isolated after treatment and Western blot was used to detect ERK, 

phospho-ERX (p-ERK), p38, phospho-p38 (p-p38), JNK and phospho-JNK (p-JNK) 

expression. Experiments were repeated at least twice. 



3.3.5 ERK and p38 pathways modulate Bcl-xL expression in iodine, Dox and NaB 

(treated ARO cdfls 

To determine whether ERK and p38 were involved in the expression of Bcl-xL in 

ARO cells, the specific inhibitors of ERK and p38 were used. Before ARO cells were 

treated with I2 (50 îM), NaB (4 mM) and Dox (1 jig/ml), alone or in combination for 48 

h, ARO cells were left untreated (Fig. 3.5A), or pretreated with ERK specific inhibitor 

PD98059 (40 îM) (Fig. 3.5B) and p38 specific inhibitor SB203580 (40 îM) (Fig. 3.5C) 

for 1 h to block the corresponding pathways. Western blot analysis was performed to 

assess the expression of Bcl-xL after ERK or p38 were respectively blocked. As shown in 

F ig�3�5B and 3�5C, there was no change in Bcl=xL levels In ARO cells treated by either 

PD98059 or SB203580 alone. However, in the presence of ERK inhibitor PD98059, the 

level of Bcl-xL was decreased, especially in cells treated by Dox alone. When p38 

pathway was inhibited by SB203580, the level of Bcl-xL was decreased in cells treated 

by Dox alone but significantly up-regulated in cells treated with NaB-Dox (Fig. 3.5C). 
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Fig. 3.5 ERK and p38 modulate Bcl-xL expression in ARO cells treated with iodine, 

Dox, and NaB. Before ARO cells were treated with I2 (50 ^M), NaB (4 mM) and Dox (1 

|ig/ml), alone or in combination for 48 h, ARO cells were left untreated (A), or pretreated 

with ERK specific inhibitor PD98059 (40 ^M) (B) and p38 specific inhibitor SB203580 

(40 (xM) (C) for 1 h to block the corresponding pathways. Total protein was isolated after 

treatments and Western blot was used to detect Bcl-xL expression. Experiments were 

repeated at least twice. 
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3.4 Discussion 

ATC Is very aggressive and the ability of tumor cells to escape the cytotoxic activity 

of chemotherapeutic agents may result from molecular alterations in apoptosis, leading to 

chemoresistance (Are and Shaha, 2006). Dox is a valid chemotherapeutic agent for 

thyroid cancer patients, especially for patients with advanced or metastatic carcinomas. 

However, the clinical impact is always limited due to a high degree of chemoresistance 

(Pasieka, 2003). Recently, HDAC inhibitors have emerged as a promising new class of 

antitumor agent, due to the function that sensitizes the cytotoxicity of Dox through 

hyperacetylation of histones and subsequent relaxation of chromatin (Marks et al” 2004; 

Massart et al., 2005). The present findings indicate that co-administration of NaB and 

Dox enforces the lethal effect of either Dox or NaB, which is consistent with the earlier 

studies that the cytotoxicity of HDAC inhibitors and Dox in combination can be 

enhanced for treatment of ATC (Catalano et al., 2006; Noguchi et al., 2009). In fact, 

thyroid cancer is unique among cancers due to thyroid cells are the only cells that have 

the ability to absorb iodine. Subsequent studies have indicated that iodine could induce 

apoptosis in vitro and prevent tumor growth in vivo (Garcia-Solis et aL, 2005; 

Shrivastava et al., 2006). However, how iodine affects the efficiency of chemotherapeutic 

agents is unknown. The findings of this study indicate that iodine counteracts Dox- and 

NaB-Dox- but promotes NaB-induced apoptosis through the mitochondrial pathway. The 

findings provide evidence that the influence of iodine on the apoptotic effect of 

chemotherapeutic agents is different although they are all modulated via the 

mitochondrial pathway. To my best knowledge, this is the first report to put forward that 

iodine should be taken into account in thyroid cancer chemotherapy. 



Bcl-xL is a well-known anti-apoptotic regulator, which protects cells from apoptosis 

induced by chemotherapeutic agents. The increase of Bcl-xL may result in 

chemoresistance in cancer therapy (Chlpuk et al , 2008; Weintraub et al , 2004)�Bcl=xL is 

frequently expressed in thyroid cancer, suggesting that it may have a role in thyroid 

cancer chemotherapy (Martinez-Brocca et al., 2008). This study revealed that Bcl-xL was 

down-regulated at the protein and the transcriptional levels by various treatments. Among 

these treatments, NaB-Dox was the most effective, followed by NaB and Dox. The 

finding suggests that these treatments induce apoptosis of thyroid cancer cells probably 

via the reduction of Bcl-xL. The result is in line with reports showing that the 

predominant knockdown of Bcl-xL is an effective pathway to overcome chemoresistance 

in cancer therapy and it may potentiate the activity of cytotoxic drugs (Bai et al., 2005; 

Shoemaker et al., 2006). The role of Bcl-xL as an anti-apoptotic molecule in thyroid 

cancer chemotherapy is further elucidated by the overexpression of Bcl-xL since its 

overexpression significantly diminishes apoptosis induced by NaB-Dox. 

Moreover, this research also found that Bcl-xL expression was decreased by 

moderate dose of iodine. Earlier studies have evidenced that Bcl-xL expression is higher 

in DTC than in ATC (Martinez-Brocca et al., 2008; Stassi et al., 2003). And the incidence 

of DTC in areas with sufficient iodine supply is more popular than those with deficient 

iodine supply (Dijkstra et al., 2007; Farahati et al., 2004). These results may indicate that 

Bcl-xL is the key molecule for iodine to influence the development of thyroid cancer. 

Besides, this study also found that the level of Bcl-xL was further inhibited when the 

cells were co-treated with iodine and NaB, compared with cells treated by NaB alone. 

However，co-treatment of iodine and Dox significantly reversed the Dox-induced 
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down-regulation of Bcl-xL. These findings suggest that iodine may differentially affect 

Bcl-xL expression in thyroid cancer cells treated with chemotherapeutic agents. Taken 

together, it appears that Bcl=xL is a main molecule involved in not only Iodine-related 

thyroid cancer development, but also thyroid cancer chemotherapy. 

The three main subfamily members of MAPKs, ERK1/2, p38, and JNK 1/2, have 

been reported to play important roles in mediating proliferation and apoptosis of tumor 

cells including thyroid cancer cells (Liu et al” 2008; Wada and Penninger, 2004). In this 

study, results demonstrated that ERK and p38, but not JNK, were involved in apoptosis 

of ATC cells treated with Dox, NaB and iodine, alone or in combination. Various studies 

have shown that both ERK and p38 can be either anti- or pro-apoptotic through 

modulating apoptosis regulators such as Bcl-xL (Bachelor and Bowden, 2004; Wang et 

al., 2009). Remarkably in this study, it was observed that Dox down-regulated Bcl-xL 

expression and that this down-regulation of Bcl-xL was maximized in the presence of 

either ERK or p38 inhibitor, suggesting that the inhibition of both ERK and p38 

pathways play a positive role in the down-regulation of Bcl-xL. In the separated 

experiment, it was found that Dox itself inhibited p38 but activated ERK. Since the final 

consequence of Dox on Bcl-xL expression is its down-regulation, the Bcl-xL expression 

appears to be regulated dominantly by p38 rather than ERK. Therefore, these findings 

could be used to explain why Dox treatment resulted in the reduction of p38，the 

enhancement of ERK, but the decrease of Bcl-xL. These findings also suggest that 

Bcl-xL expression is modulated by a fine balance between ERK and p38 pathway, which 

was also evidenced in the cells exposed to NaB-Dox. Compared with cells treated by Dox, 

ERK was inhibited and p38 was activated in the cells treated with NaB-Dox. The 
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inhibition of ERK and the activation of p38 shift the balance between ERK and p38 in 

favor of the latter, which leads to a significant decrease in the expression of Bcl-xL and a 

marked increase 10 apoptosis. In the presence of iodine, the pro=apoptotic effect of 

NaB-Dox was inhibited but the percentage of apoptotic cells was still higher than the 

control. Taken together, the balance between ERK and p38 was considered as the key 

point in controlling cell survival and death through modulating Bcl-xL expression in cell 

model tested. The high ERK/p38 ratio favors Bcl-xL up-regulation and chemoresistance, 

whereas the low ERK/p38 ratio benefits Bcl-xL down-regulation and chemosensitivity 

(Fig. 3.6) (Aguirre-Ghiso et al., 2003; Choi et al., 2007). Iodine status has been 

considered as one factor in thyroid cancer incidence: iodine sufficiency benefits DTC 

while iodine deficiency favors ATC (Dijkstra et al., 2007; Farahati et al” 2004)，but the 

mechanism is unclear. This study shows that ERK and p38 were inhibited by iodine, 

suggesting ERK and p38 may contribute to iodine-mediated thyroid cancer 

transformation. Thus, iodine not only participates in chemotherapy, but also contributes 

to thyroid cancer transformation. 
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Fig. 3.6 The balance between ERK and p38 determines cell survival and death in 

ARO cells through modulating Bcl-xL expression. In response to stimuli, the levels of 

ERK and p38 will be altered accordingly. When ERK activity is dominant over p38 

activity, Bcl-xL expression is up-regulated, the tumor cells tend to survive and become 

chemoresistant (blue). However, when p38 activity is dominant over ERK activity, 

Bcl-xL expression is down-regulated, the tumor cells are prone to apoptosis and become 

chemosensitivity (orange). Meanwhile, moderate doses of iodine may inhibit activity of 

ERK as well as p38 and thus plays a role in the fine-regulation of apoptosis in thyroid 

cancer cells treated with Dox, NaB or both in combination (purple). 
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it is well known that the effect of iodide depends on iodide-specific transportation 

genes in thyroid such as NIS (Zhang et al., 2003). However, the function or expression of 

iodide=specific transportation genes such as NIS is usually impaired in thyroid cancer 

cells (Dohan et al., 2003; Schiumberger et al” 2007). Therefore, one may wonder how 

iodide or iodine enters the cells used in the present experiment to exert its effects. It has 

been reported that excess iodine generation and oxidation of ionic iodine by endogenous 

peroxidases are key steps in iodide-induced apoptosis (Smyth, 2003; Vitale et al.，2000)， 

and that iodine intake can be independent of the iodide-specific transportation genes such 

as NIS (Garcia-Solis et al., 2005; Shrivastava et al., 2006). 

Taken together, this research gives demonstration that iodine plays critical roles in 

apoptosis of thyroid cancer cells, and identifies the onderlying mechanism of how NaB 

sensitizes Dox cytotoxicity in ARO cells. The balance between ERK and p38 appears to 

have a critical role in determining cell survival and death, likely through the modulation 

of Bcl-xL expression in thyroid cancer cells. This study provides some new insights into 

the apoptotic effect of iodine on thyroid cancer cells. Thus, iodine status should be taken 

into account in thyroid cancer chemotherapy. 
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CHAPTER IV: SUMMARY AND FUTURE PROSPECTS 
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4ol Summary 

This research studies how iodine influences apoptosis of thyroid cancer in vitro 

through apoptotic pathway�Two key results of this study are discovered as follows� 

(1) Iodine induces apoptosis through the regulation of MAPKs-related p53, 

p21，and Bcl-xL in thyroid cancer cells. 

Iodine has long been associated with thyroid tumorigenesis and therapy. 

However, the effects induced by iodine and the molecular mechanisms involved 

remain scarcely studied in thyroid cancer, which provides the valuable opportunity for 

this research. This research investigated the apoptotic effects of iodine in thyroid 

cancer by studying apoptosis. The results showed that apoptosis induced by iodine 

was mitochondrial-mediated5 with the loss of mitochondrial membrane potential, Bak 

up-regulation, caspase 3 activation and cytochrome C release from mitochondria. 

Iodine treatment decreased the level of mutant p53 including the R273H mutant that 

possesses anti-apoptotic features, but increased the p21 level. The block of p21 

significantly prevented iodine-induced apoptosis. Iodine also stimulated the activation 

of the subfamily members of MAPKs (ERK 1/2, p38 and JNK 1/2). The results showed 

the three subfamily members of MAPKs all worked as anti-apoptotic factors. 

Surprisingly, iodine promoted instead of suppressed the expression of anti-apoptotic 

protein Bcl-xL�The increase of Bcl-xL was likely to compensate the damage induced 

by iodine since the inhibition of Bcl-xL accelerated iodine-mediated apoptosis. 

Collectively, research data demonstrated that iodine induced mitochondrial-mediated 

apoptosis in thyroid cancer cells. This apoptotic pathway was involved in the 

activation of MAPKs pathways, which may subsequently up-regulate p21, Bak, and 
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down-regulate anti-apoptotic mutant p 5 3 � T h e findings provide solid molecular 

evidence to explain the epidemiological 

promotes the thyroid tumor development. It 

targets for the treatment of thyroid cancer. 

observation that iodine insufficiency 

may also reveal some novel molecular 

(2) Iodine modulates doxorubicin and sodium butyrate-induced apoptosis in 

thyroid cancer cells through ERK/p38-mediated Bcl-xL expression. 

Anaplastic thyroid cancer (ATC) is lethal because of its rapid progression and 

poor response to chemotherapy and radioiodine therapy. Iodine is involved in the 

maintenance of thyroid function and the development of thyroid cancer, which 

provides the second opportunity for this research. This study examined the effect of 

iodine on the apoptosis of ATC cell line ARO treated with doxorubicin (Dox) and 

histone deacetylase inhibitor sodium butyrate (NaB). The cytotoxic effect of either 

Dox or NaB alone was limited, but co-administration of NaB and Dox (NaB-Dox) 

significantly increased mitochondrial -mediated apoptosis. The effects of iodine to 

apoptosis-induced by the two agents were diversified. Iodine reduced the apoptosis 

induced by Dox or NaB-Dox but promoted apoptosis induced by NaB. Further 

experiments showed that iodine exaggerated NaB-mediated Bcl-xL down-regulation. 

In contrast, it reduced the effect of Dox on the decrease of Bcl-xL. Meanwhile, iodine 

regulated the level of Bcl-xL in ERK- or/and p38-related pathways. The balance 

between ERK and p38 may determine the iodine-mediated Bcl-xL expression. The 

high ERK/p38 activity ratio up-regulated Bcl-xL expression and enabled the tumor 

cells to resist chemotherapy, whereas the low ERK/p38 down-regulated Bcl-xL and 

sensitized the tumor cells to chemotherapy. Taken together, iodine plays a critical role 

in apoptosis of thyroid cancer cells induced by chemotherapy. The balance between 
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ERK and p38 may determine cell survival and death through modulating Bcl-xL 

expression in thyroid cancer cel ls�The findings provide some new insights into the 

role of iodine in chemotherapeutic agent-induced apoptosis of thyroid cancer cells� 

4.2 Future prospects 

This research has evidenced that iodine can induce thyroid cancer apoptosis 

through MAPKs pathways-related Bcl-xL, p53 and p21 expression. Moreover, iodine 

can influence chemotherapeutic agents-induced apoptosis through ERK/p3 8-mediated 

Bcl-xL expression. 

In addition to MAPKs pathways that involved in iodine-induced apoptosis, two 

other pathways, NF-=KB and P B K , correlated closely with apoptosis or cell 

proliferation, have been found related with iodine or iodide metabolism�NF-KB is one 

of the key factors controlling anti-apoptotic responses by transcriptional activation 

(Richmond, 2002). The molecular genetic events such as BRAF and PPARG can 

induce N F - K B activation, which makes it more important in thyroid cancer (Kato et 

al., 2006; Palona et al., 2006). In addition, iodide may attach itself in cell proliferation 

through N F - K B regulatory elements on multiple genes associated with growth 

(Taniguchi et a l , 1998). Notably, in vitro and in vivo studies have indicated that 

N F - K B inhibitor is an effective pathway to induce thyroid cancer apoptosis (Starenki 

et aL, 2004). PI3K signaling pathway is another important pathway in thyroid cancer 

because it can be activated by several genetic alterations such as BRAF, RAS and 

CTNNB1 (Abbosh and Nephew, 2005; Hou et al., 2007). In addition, studies have 

shown that PI3K inhibition could increase NIS functional expression, which is the key 

protein response iodide transport (Kogai et aL, 2008). However, the underlying 
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mechanisms of how iodine works on NF=KB or PI3K signaling pathway to modulate 

apoptosis or cell proliferation in thyroid cancer are still imknowii�Thus, the work to 

explore this unknown area will be valuable in many research fields. For instance, they 

will provide much more evidences for iodine on thyroid cancer development through 

apoptotic pathway, and also provide some new target pathways for thyroid cancer 

therapy. 

Besides the correlations with signaling pathways involved in apoptosis and cell 

proliferation, iodine itself is also a critical factor in regulating the accumulation of I— 

by the thyroid gland. Experiments show that moderate doses of iodine can inhibit the 

expression of NIS mRNA in vivo (Uyttersprot et al., 1997) an in vitro (Eng et al., 

2001)�It is well known that the expression and function of thyroid specific genes, NIS； 

TPO，TG，TSHR, and so on, are significant thyrocytes differentiation markers 

(Durante et al., 2007). Notably, these markers not only correlate with signaling 

pathways modulating apoptosis but also can be regulated by chemotherapeutic agents, 

such as Dox and HDAC inhibitors (Haugen, 2004; Kim et al。，2007b). However, the 

correlations among chemotherapeutic agents, signaling pathways and these thyroid 

specific genes are unknown. The work to find the possible relations and underlying 

mechanisms among them will benefit thyroid cancer chemotherapy and radioactive 

iodide therapy directly. 

Genetic alterations in thyroid cancer are common, which are initiations for 

aberrant activation of cell signaling pathways and impaired balance between pro- and 

anti-apoptotic proteins. At present, genetic-targeted therapy of thyroid cancer has 

been constructed elementarily although the mechanism is unclear (Xing, 2009)� 

BRAF mutation and RET rearrangement are popular in PTC (Hamatani et aL, 2008; 
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Xing, 2005), PPARG rearrangement is common in FTC (Castro et al。，2006), while 

TP53 and CTNNB1 muation are prevalent in ATC (Farid, 2001; Garcia-Rostan et al., 

2001). Epidemiological data have evidenced that sufficient iodine supply could 

promote PTC incidence and prevent the transformation from DTC to ATC (Wiseman 

et al., 2007; Wiseman et al., 2003). Therefore, the essential element of iodine in 

thyroid may work as a thyroid cancer risk factor via oncogenic proteins. Nevertheless, 

scare studies have disclosed the underlying mechanism. Thus, the work in this area 

may provide direct and solid evidence for iodine on thyroid cancer development. 

However, the findings of this study are all obtained from in vitro experimental 

models, which need to be further clarified in vivo. Therefore, it is important to study 

how iodine works on thyroid cancer tumorigenesis and chemotherapy in vivo. The in 

vivo studies will also benefit from the antisense oligonucleotide of Bcl-2 and 

small-molecule antagonists of Bcl-2, such as ABT-737，which has been evidenced as 

one potential tumor growth inhibitor (Lessene et al., 2008; Waters et al., 2000)= More 

importantly, the in vivo studies will provide direct evidence for thyroid cancer 

therapy. 

110 



REFERENCES 

Abbosh, P. H., Li, X.，Li, L.，Gardner, T. A., Kao, C., and Nephew, K. P. (2007). A 

conditionally replicative, Wnt/beta-catenin pathway-based adenovirus therapy for 

anaplastic thyroid canco"�Cancer Gene Ther 14, 39>9"40§� 

Abbosh, P. H., and Nephew, K. P. (2005). Multiple signaling pathways converge on 

beta-catenin in thyroid cancer. Thyroid 15’ 551-561. 

Aguirre-Ghiso, J. A., Estrada, Y., Liu, D.，and Ossowski, L. (2003). ERK(MAPK) 

activity as a determinant of tumor growth and dormancy; regulation by 

p38(SAPK). Cancer Res 63, 1684-1695. 

Akagi, T.，Luong, Q. T.，Gui, D.’ Said, J., Selektar, J., Yung, A.，Bunce, C. M., 

Braunstein, G. D.，and Koeffler, H. P. (2008). Induction of sodium iodide 

symporter gene and molecular characterisation of HNF3 beta/FoxA2, TTF-1 and 

C/EBP beta in thyroid carcinoma cells. Br J Cancer 99, 781-788. 

Are, C。，and Shaha, A � R �（ 2 0 0 6 ) � A n a p l a s t i c thyroid carcinoma: biology, 

pathogenesis, prognostic factors, and treatment approaches. Ann Surg Oncol 13, 

453-464. 

Arturi, F., Presta, I., Scarpelli，D‘，Bidart, J. M., Schlumberger, M.，Filetti, S., and 

Russo, D. (2002). Stimulation of iodide uptake by human chorionic gonadotropin 

in FRTL-5 cells: effects on sodium/iodide symporter gene and protein expression. 

Eur J Endocrinol 147, 655-661. 

Arturi, F., Russo, D.，Bidart, J. M.，Scarpelli, D.，Schlumberger, M.，and Filetti, S. 

(2001). Expression pattern of the pendrin and sodium/iodide symporter genes in 

human thyroid carcinoma cell lines and human thyroid tumors. Eur J Endocrinol 

145, 129-135. 

Arturi, F.，Russo, D., Schlumberger, M., du Villard, J. A., Caillou, B., Vigneri, P., 

Wicker, R., Chiefari, E.，Suarez, H. G.，and Filetti, S. (1998). Iodide symporter 

gene expression in human thyroid tumors. J Clin Endocrinol Metab 83, 

2493-2496. 

I l l 



Bachelor, M�A。，and Bowden, G. T. (2004). Ultraviolet A=induced modulation of 

Bcl=XL by p38 MAPK in human keratinocytes: post-transcriptional regulation 

through the 3丨-untranslated region. J Biol Chem 279, 42658-42668. 

Bachmann, K.，Pawliska, D., Kaifi, J., Schurr, P., Zorb, J., Mann, O., Kahl, H. J., 

Izbicki,丄 R。，and Strate，T�（2007)„ P53 is an independent prognostic factor for 

survival in thyroid cancer. Anticancer Res 27, 3993-3997. 

Bai, J., Sui，J., Demirjian, A., Vollmer, C. M., Jr., Marasco, W., and Callery, M. P. 

(2005). Predominant Bcl-XL knockdown disables antiapoptotic mechanisms: 

tumor necrosis factor-related apoptosis-inducing ligand-based triple chemotherapy 

overcomes chemoresistance in pancreatic cancer cells in vitro. Cancer Res 65, 

2344-2352. 

Baker, C. H., and Morris, J. C. (2004). The sodium-iodide symporter. Curr Drug 

Targets Immune Endocr Metabol Disord 4, 167-174. 

Balmanno, K., and Cook, S. J. (2009). Tumour cell survival signalling by the ERK 1/2 

pathway�Cell Death Differ 16, 368=377. 

Barzon，L., Gnatta, E.，Castagliuolo, I., Trevisan, M., Moretti, F., Pontecorvi, A.， 

Boscaro, M., and Palu, G. (2005). Modulation of retrovirally driven therapeutic 

genes by mutant TP53 in anaplastic thyroid carcinoma. Cancer Gene Ther 12, 

381-388. 

Baverstock, K.，Egloff, B.，Pinchera, A., Ruchti, C.，and Williams, D. (1992). Thyroid 

cancer after Chernobyl. Nature 359, 21-22. 

Beimfohr, C., Klugbauer, S., Demidchik, E. P., Lengfelder, E.，and Rabes, H. M. 

(1999). NTRK1 re-arrangement in papillary thyroid carcinomas of children after 

the Chernobyl reactor accident. Int J Cancer 80, 842-847. 

Belfiore, A., Russo, D., Vigneri, R., and Filetti, S. (2001). Graves' disease, thyroid 

nodules and thyroid cancer. Clin Endocrinol (Oxf) 55, 711-718. 

Bidart, J. M., Mian, C.，Lazar, V., Russo, D.，Filetti, S.，Caillou, B.，and Schiumberger, 

M. (2000). Expression of pendrin and the Pendred syndrome (PDS) gene in 

human thyroid tissues. J Clin Endocrinol Metab 85, 2028-2033. 

Bidey, S. P. (1990). Control of thyroid cell and follicle growth Recent advances and 

current controversies. Trends Endocrinol Metab 1, 174-178� 

112 



Biroccio, A。，Benassi, B。，D'Agnano, L, D'Angelo, C。，Buglioni, S。，Mottolese，M。， 

Ricciotti, A.，Citro, G., Cosimelli, M.，Ramsay, R. G., et al (2001). c-Myb and 

Bcl-x overexpression predicts poor prognosis in colorectal cancer: clinical and 

experimental findings. Am J Pathol 158, 1289-1299. 

Boltze, C., Brabant, G., Dralle, H.，Gerlach, R., Roessner, A., and Hoang-Vu, C. 

(2002). Radiation-induced thyroid carcinogenesis as a function of time and dietary 

iodine supply: an in vivo model of tumorigenesis in the rat. Endocrinology 143, 

2584-2592. 

Brabant, G., Maenhaut, C., Kohrle, J., Scheumann, G., Dralle, H., Hoang-Vu, C., 

Hesch, R. D., von zur Muhlen, A., Vassart, G.，and Dumont, J. E. (1991). Human 

thyrotropin receptor gene: expression in thyroid tumors and correlation to markers 

of thyroid differentiation and dedifferentiation. Mol Cell Endocrinol 82, R7-12. 

Braverman, L. E., and Utiger, R � D . (2005). Werner and Ingbar's The Thyroid: A 

Fundamental and Clinical Text. 889-900. 

Brindel9 P。，Doyon, F。，Rachedi, F。，Boissin，J�L.，Sebbag, J.9 Shan, L.，Chungue, V。， 

Sun, L. Y., Bost-Bezeaud, F.，Petitdidier, P., et al (2008). Menstrual and 

reproductive factors in the risk of differentiated thyroid carcinoma in native 

women in French Polynesia: a population-based case-control study. Am J 

Epidemiol 167, 219-229. 

Brown, J. M., and Attardi, L. D. (2005). The role of apoptosis in cancer development 

and treatment response. Nat Rev Cancer 5，231-237. 

Bruno, R.，Ferretti, E.，Tosi, E., Arturi, F.，Giannasio, P., Mattei, T.，Scipioni, A., 

Presta, I., Morisi, R‘，Gulino, A., et al. (2005). Modulation of thyroid-specific 

gene expression in normal and nodular human thyroid tissues from adults: an in 

vivo effect of thyrotropin. J Clin Endocrinol Metab 90, 5692-5697. 

Brzezianska, E.，Karbownik, M.，Migdalska-Sek, M., Pastuszak-Lewandoska, D., 

Wloch, J., and Lewinski, A. (2006). Molecular analysis of the RET and NTRK1 

gene rearrangements in papillary thyroid carcinoma in the Polish population. 

Mutat Res 599, 26-35. 



Brzezianska, E。， Pastuszak-Lewandoska, D。， and Lewinski, A. (2007)� 

Rearrangements of NTRK1 oncogene in papillary thyroid carcinoma. Neuro 

Endocrinol Lett 28, 221-229. 

Burgess, J. R., Dwyer, T.，McArdle, K.，Tucker, P., and Shugg, D. (2000). The 

changing incidence and spectram of thyroid carcinoma in Tasmania (1978=1998) 

during a transition from iodine sufficiency to iodine deficiency. J Clin Endocrinol 

Metab 85, 1513-1517. 

Cardoso, L. C.，Martins, D. C.，Figueiredo, M. D., Rosenthal, D.，Vaisman, M., 

Violante, A. H., and Carvalho, D. P. (2001). Ca(2+)/nicotinamide adenine 

dinucleotide phosphate-dependent H(2)0(2) generation is inhibited by iodide in 

human thyroids. J Clin Endocrinol Metab 86, 4339-4343. 

Cass, L. A., and Meinkoth, J. L. (2000). Ras signaling through PI3K confers 

hormone-independent proliferation that is compatible with differentiation. 

Oncogene 19, 924-932. 

Castro, P., Rebocho, A. P。，Soares, R � J � 5 Magalhaes, J。，Roque, L。，Trovisco, 

Vieira de Castro, I。，Cardoso-de-Oliveira, M。，Fonseca, E., Soares, P。，and 

Sobrinho-Simoes, M. (2006). PAX8-PPARgamma rearrangement is frequently 

detected in the follicular variant of papillary thyroid carcinoma. J Clin Endocrinol 

Metab P7, 213-220. 

Catalano, M. G.，Fortunati, N., Pugliese, M„, Costantino, L., Poli, R.，Bosco, O.，and 

Boccuzzi, G. (2005). Valproic acid induces apoptosis and cell cycle arrest in 

poorly differentiated thyroid cancer cells. J Clin Endocrinol Metab 90, 1383-1389. 

Catalano, M. G,, Fortunati, N., Pugliese, M., Poli, R.，Bosco, O., Mastrocola, R.， 

Aragno, M., and Boccuzzi, G. (2006). Valproic acid, a histone deacetylase 

inhibitor, enhances sensitivity to doxorubicin in anaplastic thyroid cancer cells. J 

Endocrinol 191, 465-472. 

Catalano, M. G., Pugliese, M., Poli, R•，Bosco, O., Bertieri, R., Fortunati, N., and 

Boccuzzi, G. (2009). Effects of the histone deacetylase inhibitor valproic acid on 

the sensitivity of anaplastic thyroid cancer cell lines to imatinib. Oncol Rep 21, 

515-521. 

114 



Chang, F。，Lee, J � T . , Navolanic, R M。，Steelman, L. S.? Shelton, J. G。，Blalock, W�L。， 

Franklin, R�A。，and McCubrey,丄 A, (2003)�Involvement of PI3K/Akt pathway 

in cell cycle progression, apoptosis, and neoplastic transformation: a target for 

cancer chemotherapy. Leukemia 17, 590-603. 

Chang, L。，and Karin, M„ (2001)�Mammalian MAP kinase signalling cascades� 

Nature 410’ 37-40. 

Chene, P. (2003). Inhibiting the p53-MDM2 interaction: an important target for 

cancer therapy. Nat Rev Cancer 3，102-109. 

Childs, A. C., Phaneuf, S. L., Dirks, A. J., Phillips, T., and Leeuwenburgh, C. (2002). 

Doxorubicin treatment in vivo causes cytochrome C release and cardiomyocyte 

apoptosis, as well as increased mitochondrial efficiency, superoxide dismutase 

activity, and Bcl-2:Bax ratio. Cancer Res 62, 4592-4598. 

Chipuk, J. E.，Fisher, J. C,，Dillon, C. P., Kriwacki, R. W., Kuwana, T., and Green, D. 

R. (2008). Mechanism of apoptosis induction by inhibition of the anti-apoptotic 

BCL-2 proteins�Proe Natl Acad Sci U S A 105，20327=20332� 

Chipuk, J. E., and Green, D. R. (2008). How do BCL-2 proteins induce mitochondrial 

outer membrane permeabilization? Trends Cell Biol 18, 157-164. 

Choi, C. H.，Xu，H., Bark, H., Lee, T. B., Yun, J., Kang，S. I.，and Oh, Y. K. (2007). 

Balance of NF-kappaB and p38 MAPK is a determinant of radiosensitivity of the 

AML-2 and its doxorubicin-resistant cell lines. Leuk Res 31, 1267-1276. 

Chun, J. T., Di Dato, V., D'Andrea, B., Zannini, M., and Di Lauro, R. (2004). The 

CRE-like element inside the 5'-upstream region of the rat sodium/iodide 

symporter gene interacts with diverse classes of b-Zip molecules that regulate 

transcriptional activities through strong synergy with Pax-8. Mol Endocrinol 18, 

2817-2829. 

Coelho, S. M., Vaisman, M.，and Carvalho, D. P. (2005). Tumour re-differentiation 

effect of retinoic acid: a novel therapeutic approach for advanced thyroid cancer. 

Gurr Pharm Des 11, 2525-2531. 

Colonna, M., Guizard, A. V,, Schvartz, C., Velten, M.，Raverdy, N.，Molinie, F„, 

Delafosse，P., Franc, B., and Grosclaude, P. (2007). A time trend analysis of 

115 



papillary and follicular cancers as a function of tumour size: a study of data from 

six cancer registries in France (1983=2000)�Eur J Cancer 43, 891=900. 

Cooke, M. S.，Evans, M. D., Dizdaroglu, M., and Lunec, J. (2003). Oxidative DNA 

damage: mechanisms, mutation, and disease. FASEB J 77, 1195-1214. 

Cordenonsi, M., Montagner, M., Adomo, M.，Zacchigna, L., Martello，G.，Mamidi, A.， 

Soligo，S., Dupont, S.，and Piccolo, S. (2007). Integration of TGF-beta and 

Ras/MAPK signaling through p53 phosphorylation. Science 315, 840-843. 

Cory, S., and Adams, J. M. (2005). Killing cancer cells by flipping the Bcl-2/Bax 

switch. Cancer Cell 8, 5-6. 

Cvejic, D., Selemetjev, S.，Savin, S., Paunovic, I,, Petrovic, I., and Tatic, S. (2008). 

Apoptosis and proliferation related molecules (Bcl-2, Bax, p53, PCNA) in 

papillary microcarcinoma versus papillary carcinoma of the thyroid. Pathology 40, 

475-480. 

Dadachova, E.，and Carrasco, N. (2004). The Na/I symporter (NIS): imaging and 

therapeutic applications. Semin Nucl Med 34, 23=31� 

Dai, G., Levy, O., and Carrasco, N. (1996). Cloning and characterization of the 

thyroid iodide transporter. Nature 379, 458-460. 

Dal Maso, L., Bosetti, C., La Vecchia, C.，and Franceschi, S. (2009). Risk factors for 

thyroid cancer: an epidemiological review focused on nutritional factors. Cancer 

Causes Control 20, 75-86. 

Danial, N. N. (2007). BCL-2 family proteins: critical checkpoints of apoptotic cell 

death. Clin Cancer Res 13, 7254-7263. 

Davies, L.，and Welch, H. G. (2006). Increasing incidence of thyroid cancer in the 

United States, 1973-2002. JAMA 295, 2164-2167. 

De Deken, X.，Wang, D.，Dumont, J. E.，and Miot, F. (2002). Characterization of 

ThOX proteins as components of the thyroid H(2)0(2)-generating system. Exp 

Cell Res 273, 187-196. 

De La Vieja, A., Ginter, C. S., and Carrasco, N. (2004). The Q267E mutation in the 

sodium/iodide symporter (NIS) causes congenital iodide transport defect (ITD) by 

decreasing the NIS turnover number. J Cell Sci 777, 677-687. 

116 



Delange, F。，and Lecomte, P�（2000). Iodine supplementation: benefits outweigh risks� 

Drug Saf22, 89-95� 

Dhanasekaran, D„ N。，and Reddy, E�P�（2008)�JNK signaling in apoptosis. Oncogene 

27，6245-625L 

Dijkstra, B., Prichard, R. S., Lee, A., Kelly, L. M., Smyth, P. P., Crotty, T.， 

McDermott, E. W., Hill, A. D., and O'Higgins, N. (2007). Changing patterns of 

thyroid carcinoma. Ir J Med Sci 176，87-90. 

Dohan, O.，Baloch, Z.，Banrevi, Z.，Livolsi, V.，and Carrasco, N. (2001). Rapid 

communication: predominant intracellular overexpression of the Na(+)/I(-) 

symporter (NIS) in a large sampling of thyroid cancer cases. J Clin Endocrinol 

Metab 86, 2697-2700. 

Dohan, O., De la Vieja, A., Paroder, V.，Riedel, C., Artani, M., Reed, M.，Ginter, C. 

S., and Carrasco, N. (2003). The sodium/iodide Symporter (NIS): characterization, 

regulation, and medical significance. Endocr Rev 24, 48-77. 

Duntas，L。，and Grab-Duntas，B�M�（2006)�Risk and prognostic factors for 

differentiated thyroid cancer. Hell J Nucl Med P, 156-162� 

Dupuy, C.，Virion, A., Ohayon, R., Kaniewski, J., Deme, D., and Pommier, J, (1991). 

Mechanism of hydrogen peroxide formation catalyzed by NADPH oxidase in 

thyroid plasma membrane. J Biol Chem 266, 3739-3743. 

Durand, S., Ferraro-Peyret, C., Joufre, M., Chave, A.，Borson-Chazot, F., Selmi-Ruby, 

S.，and Rousset, B. (2009). Molecular characteristics of papillary thyroid 

carcinomas without BRAF mutation or RET/PTC rearrangement: relationship 

with clinico-pathological features. Endocr Relat Cancer 16, 467-481. 

Durante, C., Puxeddu, E., Ferretti, E.，Morisi, R., Moretti, S.，Bruno, R., Barbi, F.， 

Avenia, N.，Scipioni, A., Verrienti, A., et al. (2007). BRAF mutations in papillary 

thyroid carcinomas inhibit genes involved in iodine metabolism. J Clin Endocrinol 

Metab 92, 2840-2843. 

Elisei, R., Pinchera, A., Romei, C., Gryczynska, M‘，Pohl, V., Maenhaut, C.， 

Fugazzola, L.，and Pacini, F. (1994). Expression of thyrotropin receptor (TSH-R), 

thyroglobulin, thyroperoxidase, and calcitonin messenger ribonucleic acids in 

117 



thyroid carcinomas: evidence of TSH-R gene transcript in medullary histotype. J 

Clin Endocrinol Metab 78, 867-871� 

Endo, T.，Kaneshige, M., Nakazato, M., Ohmori, M., Harii, N., and Onaya, T�（1997). 

Thyroid transcription factor-1 activates the promoter activity of rat thyroid Na+/I-

symporter gene. Mol Endocrinol 11, 1747=1755. 

Eng, P. H.，Cardona, G. R.’ Fang, S. L., Previti, M., Alex, S., Carrasco, N.，Chin, W. 

W., and Braverman, L. E. (1999). Escape from the acute Wolff-Chaikoff effect is 

associated with a decrease in thyroid sodium/iodide symporter messenger 

ribonucleic acid and protein. Endocrinology 140’ 3404-3410. 

Eng, P. H., Cardona, G. R., Previti, M. C., Chin, W. W., and Braverman, L. E. (2001). 

Regulation of the sodium iodide symporter by iodide in FRTL-5 cells. Eur J 

Endocrinol 144, 139-144. 

Eskin, B. A., Shuman, R.，Krouse, T., and Merion, J. A. (1975). Rat mammary gland 

atypia produced by iodine blockade with perchlorate. Cancer Res 35, 2332-2339. 

Espadinha, C。，Cavaco, B�M。，and Ldte，V�（2007)�PAX8PPARgamma stimulates 

cell viability and modulates expression of thyroid-specific genes in a human 

thyroid cell line. Thyroid 17, 497-509. 

Evan, G. I., and Vousden, K. H. (2001). Proliferation, cell cycle and apoptosis in 

cancer. Nature 411, 342-348. 

Everett, L. A., Glaser, B., Beck, J. C., Idol, J. R., Buchs, A., Heyman, M., Adawi, F.， 

Hazani, E., Nassir, E.，Baxevanis, A. D.，et al. (1997). Pendred syndrome is 

caused by mutations in a putative sulphate transporter gene (PDS). Nat Genet 77, 

411-422. 

Fagin，J. A’，Matsuo, K., Karmakar, A.，Chen, D. L., Tang, S. H., and Koeffler, H. P. 

(1993). High prevalence of mutations of the p53 gene in poorly differentiated 

human thyroid carcinomas. J Clin Invest 91, 179-184. 

Farahati, J., Geling, M., Mader, U., Mortl, M.，Luster, M., Muller, J. G., Flentje, M.， 

and Reiners, C. (2004). Changing trends of incidence and prognosis of thyroid 

carcinoma in lower Franconia, Germany, from 1981-1995. Thyroid 14, 141-147. 

Farid, N. R. (2001). P53 mutations in thyroid carcinoma: tidings from an old foe. J 

Endocrinol Invest 24, 536-545. 

118 



Feldt-Rasmussen, U. (2001). Iodine and cancer. Thyroid 11, 483-486. 

Filetti, S., and Rapoport, B. (1983). Evidence that organic iodine attenuates the 

adenosine 3',5'-monophosphate response to thyrotropin stimulation in thyroid 

tissue by an action at or near the adenylate cyclase catalytic unit. Endocrinology 

113, 160^1615� 

Fortner, J. G.，George, P. A., and Sternberg, S. S. (1960). Induced and spontaneous 

thyroid cancer in the Syrian (golden) hamster. Endocrinology 6, 364-376. 

Fortunati, N., Catalano, M. G., Arena, K., Brignardello, E.，Piovesan, A., and 

Boccuzzi, G. (2004). Valproic acid induces the expression of the Na+/I- symporter 

and iodine uptake in poorly differentiated thyroid cancer cells. J Clin Endocrinol 

Metab 89, 1006-1009. 

Fox, M. S., and Klawansky, S. (2006). Interruption of cell transformation and cancer 

formation. FASEB J 20, 2209-2213. 

Franke, T. F., Hornik, C. P., Segev, L , Shostak, G. A., and Sugimoto, C. (2003). 

PI3K/Akt and apoptosis: size matters. Oncogene 22, 8983-8998. 

Frattini, M.，Ferrario, C., Bressan, P., Balestra, D., De Cecco, L.’ Mondellini, P., 

Bongarzone, I., Collini，P., Gariboldi, M., Pilotti, S.，et al. (2004). Alternative 

mutations of BRAF, RET and NTRK1 are associated with similar but distinct 

gene expression patterns in papillary thyroid cancer. Oncogene 23, 7436-7440. 

Fujiwara, H., Tatsumi, K•，Miki, K., Harada, T.，Miyai, K•，Takai, S., and Amino, N. 

(1997). Congenital hypothyroidism caused by a mutation in the Na+/I- symporter. 

Nat Genet 16, 124-125. 

Fujiwara, H.，Tatsumi, K., Miki, K., Harada, T., Okada, S., Nose, O.，Kodama, S., and 

Amino, N. (1998). Recurrent T354P mutation of the Na+/I- symporter in patients 

with iodide transport defect. J Clin Endocrinol Metab 83, 2940-2943. 

Fulda, S., and Debatin, K. M. (2004). Targeting apoptosis pathways in cancer therapy. 

Curr Cancer Drug Targets 4, 569-576. 

Furuya, F., Shimura，H.，Miyazaki, A., Taki, K•，Ohta, K., Haraguchi, K.，Onaya, T., 

Endo，T., and Kobayashi, T. (2004). Adenovirus-mediated transfer of thyroid 

transcription factor-1 induces radio iodide organification and retention in thyroid 

cancer cells. Endocrinology 145, 5397-5405. 

119 



Galluzzi, Larochette, N•，Zamzami, N。，and Kroemer, G�（2006)�Mitochondria as 

therapeutic targets for cancer chemotherapy. Oncogene 25, 4812-4830� 

Ganapathy, V., Gopal, E., Miyauchi, S., and Prasad, P. D. (2005). Biological 

functions of SLC5A8, a candidate tumour suppressor. Biochem Soc Trans 33, 

237=240. 

Garcia-Jimenez, C., and Santisteban, P. (2007). TSH signalling and cancer. Arq Bras 

Endocrinol Metabol 51, 654-671. 

Garcia-Rostan, G.，Camp, R. L.，Herrero, A., Carcangiu, M. L‘，Rimm, D. L., and 

Tallini, G. (2001). Beta-catenin dysregulation in thyroid neoplasms: 

down-regulation, aberrant nuclear expression, and CTNNB1 exon 3 mutations are 

markers for aggressive tumor phenotypes and poor prognosis. Am J Pathol J58, 

987-996. 

Garcia-Rostan, G., Zhao, H., Camp, R. L., Pollan, M., Herrero, A., Pardo, J.，Wu, R.， 

Carcangiu, M. L.，Costa, J.，and Tallini, G. (2003). ras mutations are associated 

with aggressive tumor phenotypes and poor prognosis in thyroid cancer�J Clin 

Oncol 21, 3226-3235. 

Garcia-Silva, S.，and Aranda, A. (2004). The thyroid hormone receptor is a suppressor 

of ras-mediated transcription, proliferation, and transformation. Mol Cell Biol 24, 

7514-7523. 

Garcia-Solis, P., Alfaro, Y.，Anguiano, B., Delgado, G., Guzman, R. C., Nandi, S., 

Diaz-Munoz, M‘，Vazquez-Martinez, O., and Aceves, C. (2005). Inhibition of 

N-methyl-N-nitrosourea-induced mammary carcinogenesis by molecular iodine 

(12) but not by iodide (I-) treatment Evidence that 12 prevents cancer promotion. 

Mol Cell Endocrinol 236, 49-57. 

Gartel, A. L.，and Tyner, A. L. (2002). The role of the cyclin-dependent kinase 

inhibitor p21 in apoptosis. Mol Cancer Ther 639-649. 

Gillam, M. P., Sidhaye, A. R , Lee, E. J., Rutishauser, J., Stephan, C. W.，and Kopp, P. 

(2004). Functional characterization of pendrin in a polarized cell system. Evidence 

for pendrin-mediated apical iodide efflux. J Biol Chem 279, 13004-13010. 

Gimm, O. (2001). Thyroid cancer. Cancer Lett 163, 143-156. 

120 



Giovanella, L. (2008). Highly sensitive thyroglobulin measurements in differentiated 

thyroid carcinoma management. Clin Chem Lab Med 46, 1067=1073. 

Glattre, E., and Kravdal, O. (1994). Male and female parity and risk of thyroid cancer. 

Int J Cancer 5^,616-617. 

Gogvadze, ¥ . , Orrenius, S., and Zhivotovsky, B. (2008). Mitochondria in cancer cells: 

what is so special about them? Trends Cell Biol 18, 165-173. 

Golstein, J., and Dumont, J. E. (1996). Cytotoxic effects of iodide on thyroid cells: 

difference between rat thyroid FRTL-5 cell and primary dog thyrocyte 

responsiveness. J Endocrinol Invest 19, 119-126. 

Gopal, E” Fei, Y. J., Sugawara, M.，Miyauchi, S.，Zhuang, L., Martin, P., Smith, S. B., 

Prasad, P. D.，and Ganapathy, V. (2004). Expression of slc5a8 in kidney and its 

role in Na(+)-coupled transport of lactate. J Biol Chem 279, 44522-44532. 

Gopal, E., Miyauchi, S., Martin, P. M., Ananth, S.，Roon, P., Smith, S. B., and 

Ganapathy, V. (2007). Transport of nicotinate and structurally related compounds 

by human SMCT1 (SLC5A8) and its relevance to drug transport in the 

mammalian intestinal tract. Pharm Res 24, 575-584. 

Green, D. R. (2005). Apoptotic pathways: ten minutes to dead. Cell 121, 671-674. 

Green, D. R. (2006). At the gates of death. Cancer Cell P, 328-330. 

Green, D. R.，and Chipuk, J. E. (2008). Apoptosis: Stabbed in the BAX. Nature 455， 

1047-1049. 

Grethe, S.，Coltella, N., Di Renzo, M. F., and Porn-Ares, M. I. (2006). p38 MAPK 

downregulates phosphorylation of Bad in doxorubicin-induced endothelial 

apoptosis. Biochem Biophys Res Commun 347, 781-790. 

Grodski, S., Brown, T.，Sidhu, S., Gill, A., Robinson, B., Learoyd，D.，Sywak, M., 

Reeve, T.，and Delbridge，L. (2008). Increasing incidence of thyroid cancer is due 

to increased pathologic detection. Surgery 144, 1038-1043; discussion 1043. 

Guan, H‘，Ji, M.，Bao, R.，Yu, H” Wang, Y.，Hou，P.，Zhang, Y.，Shan, Z., Teng, W.， 

and Xing, M. (2009). Association of High Iodine Intake with the T1799A BRAF 

Mutation in Papillary Thyroid Cancer. J Clin Endocrinol Metab. 

121 



Guigon, C�J。，Zhao, L。，Lus C。，Willingham, M�C。，and Cheng, S � Y �（2 0 0 8 ) � 

Regulation of beta-catenin by a novel nongenomic action of thyroid hormone beta 

receptor. Mol Cell Biol 28, 4598-4608. 

Gujral, T�S。，van Veelen, W。，Richardson, D�S。，Myers, S�M。，Meens，J�A。，Acton, 

D. S.，Dunach, M.，Elliott, B. E.’ Hoppener, J. W., and Mulligan, L. M. (2008). A 

novel RET kinase-beta-catenin signaling pathway contributes to tumorigenesis in 

thyroid carcinoma. Cancer Res 68, 1338-1346. 

Hajji, N.，Wallenborg, K.，Vlachos, P., Nyman, U., Hermanson, O.，and Joseph, B. 

(2008). Combinatorial action of the HDAC inhibitor trichostatin A and etoposide 

induces caspase-mediated AIF-dependent apoptotic cell death in non-small cell 

lung carcinoma cells. Oncogene 27, 3134-3144. 

Hamatani, K., Eguchi, H.，Ito, R.，Mukai, M., Takahashi, K.，Taga, M.’ Imai，K., 

Cologne, J., Soda, M., Arihiro, K., et al. (2008). RET/PTC rearrangements 

preferentially occurred in papillary thyroid cancer among atomic bomb survivors 

exposed to high radiation dose�Cancer Res 689 7176=7182� 

Hanahan, D.，and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100, 57-70. 

Harach, H. R., and Ceballos, G. A. (2008). Thyroid cancer, thyroiditis and dietary 

iodine: a review based on the salta, Argentina model. Endocr Pathol 19, 209-220. 

Haugen, B. R. (2004). Redifferentiation therapy in advanced thyroid cancer. Curr 

Drug Targets Immune Endocr Metabol Disord 4, 175-180. 

Henderson, Y. C.，Fredrick, M. J., and Clayman, G. L. (2007). Differential responses 

of human papillary thyroid cancer cell lines carrying the RET/PTC 1 

rearrangement or a BRAF mutation to MEK1/2 inhibitors. Arch Otolaryngol Head 

Neck Surg 133, 810-815. 

Henderson, Y. C.，Shellenberger, T. D., Williams, M. D., El-Naggar, A. K.，Fredrick, 

M. J.，Cieply, K. M.，and Clayman, G. L. (2009). High rate of BRAF and 

RET/PTC dual mutations associated with recurrent papillary thyroid carcinoma. 

Clin Cancer Res 15, 485-491. 

Ho, Y. S.，Tseng, S. C., Chin, T. Y., Hsieh, L. L.，and Lin, J. D. (1996). p53 gene 

mutation in thyroid carcinoma. Cancer Lett 103, 57-63. 

122 



Hodgson, N � C . , Button, J., and Solorzano, C. C�（2004)�Thyroid cancer: is the 

incidence still increasing? Ann Surg Oncol 11, 10934097� 

Hoffmann, S。，Maschuw, K。，Hassan, L, Wunderlich, A., Lingelbach, S.，Ramaswamy, 

A。，Hofbauer, L�C。，and Zielke, A. (2006). Functional thyrotropin receptor 

attenuates malignant phenotype of follicular thyroid cancer cells. Endocrine 30, 

129-138. 

Hou, P., Liu, D., Shan, Y., Hu, S., Studeman, K., Condouris, S., Wang, Y., Trink, A., 

El-Naggar, A. K.， Tallini, G.， et al. (2007). Genetic alterations and their 

relationship in the phosphatidylinositol 3-kinase/Akt pathway in thyroid cancer. 

Clin Cancer Res 13, 1161-1170. 

Huang, M., Batra, R‘ K., Kogai, T., Lin, Y. Q., Hershman, J. M., Lichtenstein, A., 

Sharma, S.，Zhu, L. X.，Brent, G. A.，and Dubinett, S. M. (2001). Ectopic 

expression of the thyroperoxidase gene augments radioiodide uptake and retention 

mediated by the sodium iodide symporter in non-small cell lung cancer. Cancer 

Gene Ther 农，612�618� 

Hunt, L。，Tometsko，M。，LiVolsi, V�A。，Swalsky, P., Finkelstein, S. D。，and Barnes, 

E. L. (2003), Molecular evidence of anaplastic transformation in coexisting 

well-differentiated and anaplastic carcinomas of the thyroid. Am J Surg Pathol 27, 

1559-1564. 

Igney, F. H., and Krammer, P. H. (2002). Death and anti-death: tumour resistance to 

apoptosis. Nat Rev Cancer 2, 277-288. 

Ionov, Y.’ Yamamoto, H.，Krajewski, S.，Reed, J. C., and Perucho, M. (2000). 

Mutational inactivation of the proapoptotic gene BAX confers selective advantage 

during tumor clonal evolution. Proc Natl Acad Sci U S A 97, 10872-10877. 

Ito, T。，Seyama, T., Mizuno, T。，Tsuyama, N., Hayashi, T., Hayashi, Y., Dohi, K., 

Nakamura, N。，and Akiyama, M�(1992). Unique association of p53 mutations 

with undifferentiated but not with differentiated carcinomas of the thyroid gland. 

Cancer Res 52, 1369-1371. 

Ito, Y., Motoo，Y。，Yoshida, H„, lovanna, J�L。，Nakamura, Y。，Kuma, K。，and 

Miyauchi, A. (2006). High level of tumour protein p53-induced nuclear protein 1 



(TP53INP1) expression in anaplastic carcinoma of the thyroid�Pathology 38, 

545-547. 

Jemal, A., Siegel, R.，Ward, E.，Hao, Y.，Xu, J., Murray, T.，and Thun, M, J�（2008). 

Cancer statistics, 2008�CA Cancer J Clin 58，71-96. 

Johnson, G. L.，and Lapadat, R. (2002). Mitogen-activated protein kinase pathways 

mediated by ERK, JNK, and p38 protein kinases. Science 298, 1911-1912. 

Johnstone, R. W., Ruefli, A. A., and Lowe, S. W. (2002). Apoptosis: a link between 

cancer genetics and chemotherapy. Cell 108, 153-164. 

Jung, K. H.，Paik, J. Y., Ko, B. H.，and Lee, K. H. (2008). Mitogen-activated protein 

kinase signaling enhances sodium iodide symporter function and efficacy of 

radioiodide therapy in nonthyroidal cancer cells. J Nucl Med 49, 1966-1972. 

Kanno, J., Onodera, H.，Furuta, K., Maekawa, A., Kasuga, T.，and Hayashi, Y. (1992). 

Tumor-promoting effects of both iodine deficiency and iodine excess in the rat 

thyroid. Toxicol Pathol 20’ 226-235. 

Kapp, D�S。，LiVolsi, V � A � 5 and Sanders, M�M�（1982)�Anaplas t i c carcinoma 

following well-differentiated thyroid cancer: etiological considerations. Yale J 

Biol Med 55, 521-528. 

Kato, Y., Ying, H., Zhao, L., Furuya, F.，Araki, O.，Willingham, M. C., and Cheng, S. 

Y. (2006). PPARgamma insufficiency promotes follicular thyroid carcinogenesis 

via activation of the nuclear factor-kappaB signaling pathway. Oncogene 25, 

2736-2747. 

Kawaguchi, A., Ikeda, M., Endo, T.，Kogai, T., Miyazaki，A., and Onaya, T. (1997). 

Transforming growth factor-beta 1 suppresses thyrotropin-induced Na+/I-

symporter messenger RNA and protein levels in FRTL-5 rat thyroid cells. Thyroid 

7，789-794. 

Kilfoy, B. A.，Devesa, S. S., Ward, M. H., Zhang, Y.，Rosenberg, P. S., Holford, T. R., 

and Anderson, W. F. (2009a). Gender is an age-specific effect modifier for 

papillary cancers of the thyroid gland. Cancer Epidemiol Biomarkers Prev 18, 

1092-1100. 

Kilfoy, B. A., Zheng, T., Holford, T. R., Han, X.，Ward, M. H.，Sjodin, A., Zhang，Y., 

Bai，Y.，Zhu, C., Guo, G. L., and Rothman, N. (2009b). International patterns and 

124 



trends in thyroid cancer incidence, 1973-2002�Cancer Causes Control 20, 

525=531� 

Kim, D. W., Chung, H. K., Park, K. C., Hwang，J . H.，Jo, Y. S., Chung, J., 

Kalvakolanu, D. V., Resta, N.，and Shong, M. (2007a). Tumor suppressor LKB1 

inhibits activation of signal transducer and activator of transcription 3 (STATS) by 

thyroid oncogenic tyrosine kinase rearranged in transformation (RET)/papillary 

thyroid carcinoma (PTC). Mol Endocrinol 21, 3039-3049. 

Kim, E. H., Kim, H. S., Kim, S. U., Noh, E. J.，Lee, J. S.，and Choi, K. S. (2005). 

Sodium butyrate sensitizes human glioma cells to TRAIL-mediated apoptosis 

through inhibition of Cdc2 and the subsequent downregulation of survivin and 

XIAP. Oncogene 24, 6877-6889. 

Kim, K. I., Kang, J. H., Chung, J. K., Lee, Y. J., Jeong，J. M., Lee, D. S.，and Lee, M. 

C. (2007b). Doxorubicin enhances the expression of transgene under control of 

the CMV promoter in anaplastic thyroid carcinoma cells. J Nucl Med 48, 

1553-1561. 

Kim, M. S.，Blake, M.，Baek, J. H., Kohlhagen, G., Pommier, Y。，and Carrier, F. 

(2003). Inhibition of histone deacetylase increases cytotoxicity to anticancer drugs 

targeting DNA. Cancer Res 63, 7291-7300. 

Kim, W. B., Lewis, C. J.，McCall, K. D., Malgor , R.，Kohn, A. D., Moon, R. T., and 

Kohn, L. D. (2007c). Overexpression of Wnt-1 in thyrocytes enhances cellular 

growth but suppresses transcription of the thyroperoxidase gene via different 

signaling mechanisms. J Endocrinol 193, 93-106. 

Kim, Y. R.’ Byun, H. S., Won , M.，Park, K. A., Kim, J. M., Choi, B. L.，Lee, H.， 

Hong, J. H., Park, J.，Seok, J. H , et al. (2008). Modulatory role of phospholipase 

D in the activation of signal transducer and activator of transcription (STAT)-3 by 

thyroid oncogenic kinase RET/PTC. BMC Cancer 8’ 144. 

Kitamura, Y., Shimizu, K., Tanaka, S.，Ito, K., and Emi, M. (2000). Allelotyping of 

anaplastic thyroid carcinoma: frequent allelic losses on lq, 9p, 11，17, 19p, and 

22q. Genes Chromosomes Cancer 27, 244-251. 

Kitazono, M.，Robey, R., Zhan, Z., Sarlis, N. J., Skarulis, M. C‘，Aikou, T., Bates, S., 

and Fojo, T. (2001). Low concentrations of the histone deacetylase inhibitor, 

125 



depsipeptide (FR901228), increase expression of the Na(+)/I(=) symporter and 

iodine accumulation in poorly differentiated thyroid carcinoma c e l l s � J Clin 

Endocrinol Metab 86, 3430-3435. 

Knauf , J. A., Ma, X.，Smith, E. P., Zhang, L.，Mitsutake, N.，Liao, X. H.，Refetoff, S.， 

Nikiforov, Y�E。，and Fagin，J�A�(2005)�Targeted expression of BRAFV600E in 

thyroid cells of transgenic mice results in papillary thyroid cancers that undergo 

dedifferentiation. Cancer Res 65, 4238-4245. 

Knobel, M., and Medeiros-Neto, G. (2007). Relevance of iodine intake as a reputed 

predisposing factor for thyroid cancer. Arq Bras Endocrinol Metabol 51, 701-712. 

Kogai, T., Curcio, F.，Hyman, S., Cornford, E. M., Brent, G. A., and Hershman, J. M. 

(2000). Induction of follicle formation in long-term cultured normal human 

thyroid cells treated with thyrotropin stimulates iodide uptake but not 

sodium/iodide symporter messenger RNA and protein expression. J Endocrinol 

167, 125-135. 

Kogai, T.s Endo，T。，Saito, T„, Miyazaki, A., Kawaguchi, A。，and Onaya, T. (1997)� 

Regulation by thyroid-stimulating hormone of sodium/iodide symporter gene 

expression and protein levels in FRTL-5 cells. Endocrinology 138, 2227-2232. 

Kogai, T.，Sajid-Crockett, S,, Newmarch, L. S.，Liu, Y. Y.，and Brent, G. A. (2008). 

Phosphoinositide-3-kinase inhibition induces sodium/iodide symporter expression 

in rat thyroid cells and human papillary thyroid cancer cells. J Endocrinol 199, 

243-252. 

Kogai, T’，Taki, K., and Brent, G. A. (2006). Enhancement of sodium/iodide 

symporter expression in thyroid and breast cancer. Endocrine-Related Cancer 13, 

797-826. 

Kohn, L. D., Suzuki, K., Nakazato, M., Royaux, I.，and Green, E. D. (2001). Effects 

of thyroglobulin and pendrin on iodide flux through the thyrocyte. Trends 

Endocrinol Metab 12, 10-16. 

Kondo, T.，Ezzat, S., and Asa, S. L. (2006). Pathogenetic mechanisms in thyroid 

follicular-cell neoplasia. Nat Rev Cancer 6, 292-306. 

126 



Kondo, T。，Nakamura, N。，Suzuki, K。，Murata, S” Muramatsu, A., Kawaoi, A” and 

Katoh, R�（2003)�Expression of human pendrin in diseased thyroids. J Histochem 

Cytochem 51, 167-173. 

Kopp, P., Pesce, L., and Solis, S. J. (2008). Pendred syndrome and iodide transport in 

the thyroid�Trends Endocrinol Metab 19, 260=268. 

Kosugi，S., Bhayana, S., and Dean, H. J. (1999). A novel mutation in the 

sodium/iodide symporter gene in the largest family with iodide transport defect. J 

Clin Endocrinol Metab 84, 3248-3253. 

Kosugi, S.，Okamoto, H., Tamada, A., and Sanchez-Franco, F. (2002). A novel 

peculiar mutation in the sodium/iodide symporter gene in spanish siblings with 

iodide transport defect. J Clin Endocrinol Metab 87, 3830-3836. 

Kosugi, S” Sato, Y.，Matsuda, A” Ohyama, Y.，Fujieda, K., Inomata, H.’ Kameya, T., 

Isozaki, O., and Jhiang, S. M. (1998). High prevalence of T354P sodium/iodide 

symporter gene mutation in Japanese patients with iodide transport defect who 

have heterogeneous clinical pictures�J Clin Endocrinol Metab 83, 4123=4129� 

Krohn, Maier,丄，and Paschke, R. (2007). Mechanisms of disease: hydrogen 

peroxide, DNA damage and mutagenesis in the development of thyroid tumors. 

Nat Clin Pract Endocrinol Metab 3, 713-720. 

Kuo, S. F.，Chao, T. C., Chang, H. Y.，Hsueh, C., Chang, Y. C., Yang, C. H., and Lin, 

J. D. (2009). The role of radioactive iodine therapy in young patients with 

papillary thyroid cancer. Clin Nucl Med 34, 4-6. 

Kupper, F. C., Carpenter, L. J., McFiggans, G. B., Palmer, C. J., Waite, T. J., 

Boneberg, E. M., Woitsch, S.，Weiller, M., Abela, R.，Grolimund, D.，et al (2008). 

Iodide accumulation provides kelp with an inorganic antioxidant impacting 

atmospheric chemistry. Proc Natl Acad Sci U S A 105, 6954-6958. 

Kurebayashi, J。，Tanaka, K.，Otsuki, T., Moriya, T., Kunisue, H.，Uno, M., and Sonoo， 

H. (2000). All-trans-retinoic acid modulates expression levels of thyroglobulin 

and cytokines in a new human poorly differentiated papillary thyroid carcinoma 

cell line, KTC-1. J Clin Endocrinol Metab 85, 2889-2896. 

Lacroix, L., Pourcher, T., Magnon, C., Bellon, N., Talbot, M.，Intaraphairot, T., 

Caillou, B.，Schlumberger，M.，and Bidart, J. M�(2004) . Expression of the apical 



iodide transporter in human thyroid tissues: a comparison study with other iodide 

transporters. J Clin Endocrinol Metab 89, 1423-1428� 

Langer, R.，Burzler, C., Bechtner, G., and Gartner, R. (2003). Influence of iodide and 

iodolactones on thyroid apoptosis�Evidence that apoptosis induced by iodide is 

mediated by iodolactones in intact porcine thyroid follicles. Exp Clin Endocrinol 

Diabetes 777, 325-329. 

Lazar, V., Bidart, J. M.，Caillou, B., Mahe, C., Lacroix, L.，Filetti, S., and 

Schlumberger, M. (1999). Expression of the Na+/I- symporter gene in human 

thyroid tumors: a comparison study with other thyroid-specific genes. J Clin 

Endocrinol Metab 84, 3228-3234. 

Leboeuf, R., Baumgartner, J. E.，Benezra, M.，Malaguarnera, R.，Solit, D.，Pratilas, C. 

A., Rosen, N.，Knauf, J. A., and Fagin，J. A. (2008). BRAFV600E mutation is 

associated with preferential sensitivity to mito gen-activated protein kinase kinase 

inhibition in thyroid cancer cell lines. J Clin Endocrinol Metab 93, 2194-2201. 

Lee, 1 W。，Soung, Y�H。，Kim, S�Y。，Nam, S�W•，Kim, C. J., Cho9 Y�G。，Lee, I . H � , 

Kim, H. S., Park, W. S.’ Kim, S. H, et al. (2004). Inactivating mutations of 

proapoptotic Bad gene in human colon cancers. Carcinogenesis 25, 1371-1376. 

Leenhardt, L., Bernier, M. O.，Boin-Pineau, M. H., Conte Devolx, B., Marechaud, R., 

Niccoli-Sire, P., Nocaudie, M.，Orgiazzi, J., Schlumberger, M., Wemeau, J. L., et 

al. (2004). Advances in diagnostic practices affect thyroid cancer incidence in 

France. Eur J Endocrinol 150, 133-139. 

Lei, K., Nimnual, A., Zong, W. X., Kennedy, N. J., Flavell, R. A.，Thompson, C. B.， 

Bar-Sagi，D., and Davis, R. J. (2002). The Bax subfamily of Bcl2-related proteins 

is essential for apoptotic signal transduction by c-Jun NH(2)-terminal kinase. Mol 

Cell Biol 22,4929-4942. 

Leoni, S. G., Galante, P. A., Ricarte-Filho, J. C.，and Kimura, E. T. (2008). 

Differential gene expression analysis of iodide-treated rat thyroid follicular cell 

line PCC13. Genomics 91, 356-366. 

Lessene, G., Czabotar, P. E.，and Colman, P. M. (2008). BCL-2 family antagonists for 

cancer therapy. Nat Rev Drug Discov 7, 989-1000. 

128 



Levy, O。，Dai, G。，Riedel, C。，Ginter, C�S。，Paul, E�M。，Lebowitz, A�N。，and 

Carrasco，N. (1997). Characterization of the thyroid Na+/I- symporter with an 

anti-COOH terminus antibody. Proc Natl Acad Sci U S A 94，5568-5573. 

Li, H., Myeroff，L。，Smiraglia, D„, Romero, M�F。，Pretlow, T�P,，Kasturi, L。， 

Lutterbaugh, 1, Rerko, R. M., Casey, G.’ Issa, I. P., et al (2003). SLC5A8, a 

sodium transporter, is a tumor suppressor gene silenced by methylation in human 

colon aberrant crypt foci and cancers. Proc Natl Acad Sci U S A 100, 8412-8417. 

Li, H., Richard, K., McKinnon, B.，and Mortimer, R. H. (2007). Effect of Iodide on 

Human Choriogonadotropin, Sodium-Iodide Symporter Expression, and Iodide 

Uptake in BeWo Choriocarcinoma Cells. J Clin Endocrinol Metab 92, 4046-4051. 

Li, M.，Lee, T. W., Yim, A. P., Mok, T. S., and Chen, G. G. (2006). Apoptosis 

induced by troglitazone is both peroxisome proliferator-activated 

receptor-gamma- and ERK-dependent in human non-small lung cancer cells. J 

Cell Physiol 209, 428-438. 

Lin, J � D . (2008)�Thyroglobulin and human thyroid c a n c e r � Q i n Chim Acta 388, 

15-21. 

Lind, P., Kumnig, G., Heinisch, M., Igerc, I.，Mikosch, P., Gallowitsch, H. J., Kresnik, 

E., Gomez, I., Unterweger, O., and Aigner, H. (2002). Iodine supplementation in 

Austria: methods and results. Thyroid 12’ 903-907. 

Lind, P.，Langsteger, W., Molnar, M., Gallowitsch, H. J., Mikosch, P., and Gomez, I. 

(1998), Epidemiology of thyroid diseases in iodine sufficiency. Thyroid 8, 

1179-1183. 

Liste, I.，Garcia-Garcia, E., Bueno, C.，and Martinez-Serrano, A. (2007). Bcl-XL 

modulates the differentiation of immortalized human neural stem cells. Cell Death 

Differ 14, 1880-1892. 

Liu, D.，Liu, Z., Jiang, D.，Dackiw, A. P., and Xing, M. (2007). Inhibitory effects of 

the mitogen-activated protein kinase kinase inhibitor CI-1040 on the proliferation 

and tumor growth of thyroid cancer cells with BRAF or RAS mutations. J Clin 

Endocrinol Metab 92, 4686-4695. 

129 



Liu, S。，Senienciw, R。，Ugnat, A�M。，and Mao s Y�（2001)�Increas ing thyroid cancer 

incidence in Canada, 1970-1996: time trends and age=period-cohort effects�Br J 

Cancer 85, 1335-1339. 

Liu, Z‘，Hou, P., Ji, M.，Guan, H., Studeman, K., Jensen, K.，Vasko，V.，El-Naggar, A. 

【，and Xing, M�（200§)�Highly prevalent genetic alterations in receptor tyrosine 

kinases and phosphatidylinositol 3-kinase/akt and mitogen-activated protein 

kinase pathways in anaplastic and follicular thyroid cancers. J Clin Endocrinol 

Metab Pi, 3106-3116. 

Lui, W. O., Foukakis, T.，Liden, J.，Thoppe, S. R., Dwight, T.’ Hoog, A., Zedenius, J., 

Wallin, G., Reimers，M.，and Larsson, C. (2005). Expression profiling reveals a 

distinct transcription signature in follicular thyroid carcinomas with a 

PAX8-PPAR(gamma) fusion oncogene. Oncogene 24, 1467-1476. 

Lundh, C.，Norden, M. M.，Nilsson, M., and Forssell-Aronsson, E. (2007). Reduced 

iodide transport (stunning) and DNA synthesis in thyrocytes exposed to low 

absorbed doses from 1311 in vitro. J Nucl Med 48, 481-486. 

Mahmoud, L, Colin, I•， Many, M� C。，and Denef, 1 F� （1986). Direct toxic effect of 

iodide in excess on iodine-deficient thyroid glands: epithelial necrosis and 

inflammation associated with lipofuscin accumulation. Exp Mol Pathol 44, 

259-271. 

Maier, J., van Steeg, H., van Oostrom, C.，Paschke，R.，Weiss, R. E•，and Krohn, K. 

(2007). Iodine deficiency activates antioxidant genes and causes DNA damage in 

the thyroid gland of rats and mice. Biochim Biophys Acta 1775, 990-999. 

Marks, P. A., Richon, V. M.，Miller, T., and Kelly, W. K. (2004). Histone deacetylase 

inhibitors. Adv Cancer Res 91, 137-168. 

Martinez-Brocca, M. A., Castilla, C., Navarro, E.，Amaya, M. J., Travado, P., Japon, 

M. A., and Saez, C. (2008). Clinicopathological correlations of Bcl-xL and Bax 

expression in differentiated thyroid carcinoma. Clin Endocrinol (Oxf) 68, 

190-197. 

Martino, E., Bartalena, L.，Bogazzi, F., and Braverman, L. E. (2001). The effects of 

amiodarone on the thyroid. Endocr Rev 22, 240-254. 

130 



Massart, C。，Poirier, C。，Fergelot, P.3 Fardel, O。，and Gibassier, J�（2005). Effect of 

sodium butyrate on doxorubicin resistance and expression of multidrug resistance 

genes in thyroid carcinoma cells. Anticancer Drugs 16, 255-261. 

Matsuda, A。，and Kosugi, S �（1 9 9 7 ) � A homozygous missense mutation of the 

sodium/iodide symporter gene causing iodide transport de fec t�J Clin Endocrinol 

Metab 82, 3966-3971. 

Matsumoto, H., Sakamoto, A., Fujiwara, M.，Yano, Y., Shishido-Hara, Y.，Fujioka, Y., 

and Kamma, H. (2008). Decreased expression of the thyroid-stimulating hormone 

receptor in poorly-differentiated carcinoma of the thyroid. Oncol Rep 19, 

1405-1411. 

Matuszczyk, A., Petersenn, S.，Bockisch, A., Gorges, R., Sheu, S. Y.，Veit, P., and 

Mann, K. (2008). Chemotherapy with doxorubicin in progressive medullary and 

thyroid carcinoma of the follicular epithelium. Horm Metab Res 40, 210-213. 

McBride, H. M.，Neuspiel, M‘，and Wasiak, S. (2006). Mitochondria: more than just a 

powerhouse. Curr Biol 16, R551=560� 

McPake, C R.，Tillman, D. M。，Poquette, C � A . , George, E�O。，Houghton, J�A。，and 

Harris, L. C. (1998). Bax is an important determinant of chemosensitivity in 

pediatric tumor cell lines independent of Bcl-2 expression and p53 status. Oncol 

Res 10, 235-244. 

Melillo, R. M.，Castellone, M. D.，Guarino, V.，De Falco, V., Cirafici, A. M.， 

Salvatore, G., Caiazzo, F., Basolo, F.，Giannini, R., Kruhoffer, M., et al. (2005). 

The RET/PTC-RAS-BRAF linear signaling cascade mediates the motile and 

mitogenic phenotype of thyroid cancer cells. J Clin Invest 115, 1068-1081. 

Meller, B.，Gaspar, E.，Deisting, W.，Czarnocka, B.，Baehre, M., and Wenzel, B. E. 

(2008). Decreased radioiodine uptake of FRTL-5 cells after (131)1 incubation in 

vitro: molecular biological investigations indicate a cell cycle-dependent pathway. 

Eur J Nucl Med Mol Imaging 35, 1204-1212. 

Mian, C., Barollo, S.，Pennelli, G., Pavan, N., Rugge, M., Pelizzo, M. R.，Mazzarotto, 

R•，Casara, D.，Nacamulli, D., Mantero, F。，et al. (2008). Molecular characteristics 

in papillary thyroid cancers (PTCs) with no 1311 uptake. Clin Endocrinol (Oxf) 68’ 

108=116� 

131 



Mian, C。，Lacroix, L。，Bidart, J�M。，Caillou, B., Filetti, S。，and Schlumberger, M� 

(2001)�Sodium/iodide symporter in thyroid cancer. Exp Clin Endocrinol Diabetes 

109, 47-51. 

Miao, J.s Chen, G�G。，Chun, S. Y�5 and Lai, P � P . (2006)�Hepatitis B virus X protein 

induces apoptosis in hepatoma cells through inhibiting Bcl-xL expression. Cancer 

Lett 236, 115-124. 

Milas，M., Mazzaglia, P., Chia, S. Y.，Skugor, M., Berber, E.，Reddy, S., Gupta, M., 

and Siperstein, A. (2007). The utility of peripheral thyrotropin mRNA in the 

diagnosis of follicular neoplasms and surveillance of thyroid cancers. Surgery 141’ 

137-146; discussion 146. 

Mishra, A., Pal, L., and Mishra, S. K. (2007). Distribution of Na+/I- symporter in 

thyroid cancers in an iodine-deficient population: an immunohistochemical study. 

World J Surg 31, 1737-1742. 

Mitsiades, C. S.，Negri, J.，McMullan, C.，McMillin, D. W., Sozopoulos, E., 

Fanourakis, G。，Voutsinas, G。，Tseleni=Balafouta, S。，Poulaki, V。，Batt, D„, and 

Mitsiades, N. (2007). Targeting BRAFV600E in thyroid carcinoma: therapeutic 

implications. Mol Cancer Ther 6, 1070-1078. 

Mooradian, A. D., Allam, C. K., Khalil, M. F.，Salti，I., and Salem, P. A. (1983). 

Anaplastic transformation of thyroid cancer: report of two cases and review of the 

literature. J Surg Oncol 23, 95-98. 

Moretti, F.，Farsetti, A., Soddu, S., Misiti, S.，Crescenzi, M.，Filetti, S., Andreoli, M., 

Sacchi, A., and Pontecorvi, A. (1997). p53 re-expression inhibits proliferation and 

restores differentiation of human thyroid anaplastic carcinoma cells. Oncogene 14, 

729-740. 

Musholt, T. J., Brehm, C.，Hanack, J., von Wasielewski, R.，and Musholt, P. B. (2006). 

Identification of differentially expressed genes in papillary thyroid carcinomas 

with and without rearrangements of the tyrosine kinase receptors RET and/or 

NTRK1. J Surg Res 131, 15-25. 

Musholt, T. J., Musholt, P„ B.，Khaladj, N.，Schulz, D.，Scheumann, G. F.，and 

Klempnauer, J. (2000). Prognostic significance of RET and NTRK1 

rearrangements in sporadic papillary thyroid carcinoma. Surgery 128, 984-993. 

132 



Nagayama, Y。，Yokoi, H。，Takeda, K。，Hasegawa, M。，Nishihara, E。，Namba, H � , 

Yamashita, S。，and Niwa, M�（2000)�Adenovirus-mediated tumor suppressor p53 

gene therapy for anaplastic thyroid carcinoma in vitro and in vivo. J Clin 

Endocrinol Metab 85, 4081-4086. 

Nakashima, M.，Takamura, N。，Naniba, H。，Saenko, V., Meirmanov, S., Matsumoto， 

N., Hayashi, T.，Maeda, S.，and Sekine, I. (2007). RET oncogene amplification in 

thyroid cancer: correlations with radiation-associated and high-grade malignancy. 

Hum Pathol 38, 621-628. 

Namba, H., Saenko, V., and Yamashita, S. (2007). Nuclear factor-kB in thyroid 

carcinogenesis and progression: a novel therapeutic target for advanced thyroid 

cancer. Arq Bras Endocrinol Metabol 51’ 843-851. 

Natoni, F., Diolordi, L., Santoni, C., and Gilardini Montani, M. S. (2005). Sodium 

butyrate sensitises human pancreatic cancer cells to both the intrinsic and the 

extrinsic apoptotic pathways. Biochim Biophys Acta 1745, 318-329. 

Nicholson, E)�W。，and Thomberry, N � A . (2003)�Apoptosis�Life and death decisions. 

Science 299,214-215. 

Nikiforov, Y. E. (2004). Genetic alterations involved in the transition from 

well-differentiated to poorly differentiated and anaplastic thyroid carcinomas. 

Endocr Pathol 75,319-327. 

Nikiforov, Y. E. (2008). Thyroid carcinoma: molecular pathways and therapeutic 

targets. Mod Pathol 21 Suppl 2，S37-43. 

Nikiforova，M. N.，Kimura, E. T., Gandhi, M.，Biddinger, P. W., Knauf, J. A., Basolo, 

F., Zhu, Z., Giannini, R.，Salvatore，G., Fusco, A.，et al. (2003). BRAF mutations 

in thyroid tumors are restricted to papillary carcinomas and anaplastic or poorly 

differentiated carcinomas arising from papillary carcinomas. J Clin Endocrinol 

Metab 88, 5399-5404� 

Nishikawa, A.，Ikeda, T., Son, H. Y.，Okazaki, K.，Imazawa, T., Umemura, T., 

Kimura, S.，and Hirose, M. (2005). Pronounced synergistic promotion of 

N-bis(2-hydroxypropyl)nitrosamine-initiated thyroid tumorigenesis in rats treated 

with excess soybean and iodine-deficient diets. Toxicol Sci 86, 258-263. 



Noguchi, H� 5 Yamashita，H。，Murakami，T.? Hirai, K。，Noguchi, Y” Maruta, J.，Yokoi, 

T., and Noguchi, S. (2009). Successful treatment of anaplastic thyroid carcinoma 

with a combination of oral valproic acid, chemotherapy, radiation and surgery. 

Endocr J 56, 245-249. 

Ohayon, R., Boeynaems, 1. M., Braekman, J. C.，Van den Bergen, H.，Gorin, Y.，and 

Virion, A. (1994). Inhibition of thyroid NADPH-oxidase by 2-iodohexadecanal in 

a cell-free system. Mol Cell Endocrinol 99, 133-141. 

Ohno, M.，Zannini, M.，Levy, O.，Carrasco, N., and di Lauro, R. (1999). The 

paired-domain transcription factor Pax8 binds to the upstream enhancer of the rat 

sodium/iodide symporter gene and participates in both thyroid-specific and 

cyclic-AMP-dependent transcription. Mol Cell Biol 19, 2051-2060. 

Osaki, M.，Oshimura, M., and Ito, H. (2004). PI3K-Akt pathway: its functions and 

alterations in human cancer. Apoptosis 9, 667-676. 

Ozaki, O., Ito, K.，Mimura, T., and Sugino, K. (1999). Anaplastic transformation of 

papillary thyroid carcinoma in recurrent disease in regional lymph nodes: a 

histologic and immunohistochemical study. J Surg Oncol 70, 45-48. 

Paes, J. E.，and Ringel, M. D. (2008). Dysregulation of the phosphatidylinositol 

3-kinase pathway in thyroid neoplasia. Endocrinol Metab Clin North Am 57， 

375-387, viii-ix. 

Palona, I.，Namba, H.，Mitsutake, N.，Starenki, D.，Podtcheko, A., Sedliarou, I , 

Ohtsuru, A., Saenko, V., Nagayama, Y.，Umezawa, K.，and Yamashita, S. (2006). 

BRAFV600E promotes invasiveness of thyroid cancer cells through nuclear factor 

kappaB activation. Endocrinology 147, 5699-5707. 

Pang, X. P., Park, M.，and Hershman, J. M. (1992). Transforming growth factor-beta 

blocks protein kinase-A-mediated iodide transport and protein kinase-C-mediated 

DNA synthesis in FRTL-5 rat thyroid cells. Endocrinology 131, 45-50. 

Park, H. J., Kim, J. Y., Park, K. Y., Gong, G., Hong, S. J., and Ahn, I. M. (2000). 

Expressions of human sodium iodide symporter mRNA in primary and metastatic 

papillary thyroid carcinomas. Thyroid 10, 211-217. 

Pasieka, J. L. (2003). Anaplastic thyroid cancer. Curr Opin Oncol 15, 78-83. 

134 



Pearson，G�s Robinson, F。，Beers Gibson, T� s Xu5 B�E。，Karandikar, M.，Bermans K� , 

and Cobb, M. H. (2001). Mitogen-activated protein (MAP) kinase pathways: 

regulation and physiological functions. Endocr Rev 22, 153-183. 

Pettersson9 B。，Coleman, M�P。，Ron，E.? and A d a m i，H � 0 �（1 9 9 6 ) . Iodine 

supplementation in Sweden and regional trends in thyroid cancer incidence by 

histopathologic type. Int J Cancer 65, 13-19. 

Peyrottes, I., Navarro，V,, Ondo-Mendez, A.，Marcellin, D., Bellanger, L., Marsault, 

R., Lindenthal, S., Ettore, F.， Darcourt, J., and Pourcher, T. (2009). 

Immunoanalysis indicates that the sodium iodide symporter is not overexpressed 

in intracellular compartments in thyroid and breast cancers. Eur J Endocrinol 160’ 

215-225. 

Pohlenz, J., Medeiros-Neto, G., Gross, J. L.，Silveiro, S. P., Knobel, M.，and Refetoff, 

S. (1997). Hypothyroidism in a Brazilian kindred due to iodide trapping defect 

caused by a homozygous mutation in the sodium/iodide symporter gene. Biochem 

Biophys Res Commun 240, 488=491, 

Pollack, A., Cowen, D.’ Troncoso，P., Zagars, G. K., von Eschenbach, A. C.， 

Meistrich, M. L.，and McDonnell, T. (2003). Molecular markers of outcome after 

radiotherapy in patients with prostate carcinoma: Ki-67, bcl-2, bax, and bcl-x. 

Cancer 97, 1630-1638. 

Porra，V., Bernier-Valentin, F.，Trouttet-Masson, S., Berger-Dutrieux, N’，Peix, J. L.， 

Perrin, A., Selmi-Ruby, S., and Rousset, B. (2002). Characterization and 

semiquantitative analyses of pendrin expressed in normal and tumoral human 

thyroid tissues. J Clin Endocrinol Metab 87, 1700-1707. 

Porra, V.， Ferraro-Peyret, C‘， Durand, C., Selmi-Ruby, S., Giroud, H.， 

Berger-Dutrieux, N.’ Decaussin, M., Peix, J. L., Bournaud, C., Orgiazzi，J., et al. 

(2005). Silencing of the tumor suppressor gene SLC5A8 is associated with BRAF 

mutations in classical papillary thyroid carcinomas. J Clin Endocrinol Metab 90, 

3028-3035. 

Postgard, P., Himmelman, J., Lindencrona, U., Bhogal, N.，Wiberg, D., Berg, G.， 

Jansson, S., Nystrom, E., Forssell-Aronsson, E., and Nilsson, M. (2002). Stunning 

of iodide transport by (131)1 irradiation in cultured thyroid epithelial cells. J Nucl 

Med 43, 828-834. 

135 



Presta, I.5 Arturi, F。，Ferretti, E。，Mattei, T。，Scarpelli, D。，Tosi, E” Scipioni, A。， 

Celano, M。，Gulino, A.，Filetti, S。，and Russo, D�（2005)�Recovery of NIS 

expression in thyroid cancer cells by overexpression of Pax8 gene. BMC Cancer 

5. 

Rates，H�M,，Deniidchik, E�P。，Sidorow, J�D。，Leegfelder, E。，Beimfohr，C�, Hoelzel, 

D.，and Klugbauer, S. (2000). Pattern of radiation-induced RET and NTRK1 

rearrangements in 191 post-chernobyl papillary thyroid carcinomas: biological, 

phenotypic, and clinical implications. Clin Cancer Res 6, 1093-1103. 

Reed, J. C. (2003). Apoptosis-targeted therapies for cancer. Cancer Cell 3, 17-22. 

Richardson, D. B. (2009). Exposure to ionizing radiation in adulthood and thyroid 

cancer incidence. Epidemiology 20, 181-187. 

Richmond, A. (2002). Nf-kappa B, chemokine gene transcription and tumour growth. 

Nat Rev Immunol 2, 664-674. 

Riedel，C.，Dohan, O., De la Vieja, A.，Ginter，C. S.，and Carrasco, N. (2001a). 

Journey of the iodide transporter NIS: from its molecular identification to its 

clinical role in cancer. Trends Biochem Sci 26, 490-496. 

Riedel, C., Levy, O.，and Carrasco, N. (2001b). Post-transcriptional regulation of the 

sodium/iodide symporter by thyrotropin. J Biol Chem 276, 21458-21463. 

Riesco-Eizaguirre, G., and Santisteban, P. (2006). A perspective view of sodium 

iodide symporter research and its clinical implications. Eur J Endocrinol 155, 

495-512. 

Rivas, M.，and Santisteban, P. (2003). TSH-activated signaling pathways in thyroid 

tumorigenesis. Mol Cell Endocrinol 213, 31-45. 

Roberts, P. J., and Der, C. J. (2007). Targeting the Raf-MEK-ERK mitogen-activated 

protein kinase cascade for the treatment of cancer. Oncogene 26, 3291-3310. 

Rodrigues, R. F., Roque, L., Rosa-Santos, J., Cid, O.，and Soares, J. (2004). 

Chromosomal imbalances associated with anaplastic transformation of follicular 

thyroid carcinomas. Br J Cancer 90, 492-496. 

Rodriguez, A. M., Perron, B., Lacroix, L.，Caillou, B.，Leblanc，G.，Schlumberger, M.， 

Bidart, J. M.，and Pourcher, T. (2002). Identification and characterization of a 

136 



putative human iodide transporter located at the apical membrane of thyrocytes�J 

Clin Endocrinol Metab 87, 3500-3503. 

Romei, C。，Ciampi，R.’ Faviana, P., Agate, L., Molinaro, E., Bottici, V” Basolo, F.， 

Miccoli, P。，Pacini，F., Pinchera, A。，and Elisei，R. (2008). BRAFV600E mutation, 

but not RET/PTC rearrangements, is correlated with a lower expression of both 

thyroperoxidase and sodium iodide symporter genes in papillary thyroid cancer. 

Endocr Relat Cancer 15，511-520. 

Royaux, I. E.，Suzuki, K,, Mori, A., Katoh, R., Everett, L. A., Kohn, L. D., and Green, 

E. D. (2000). Pendrin, the protein encoded by the Pendred syndrome gene (PDS), 

is an apical porter of iodide in the thyroid and is regulated by thyroglobulin in 

FRTL-5 cells. Endocrinology 141, 839-845. 

Russo, D.，Manole, D.，Arturi, F., Suarez, H. G.，Schiumberger, M.，Filetti, S.，and 

Derwahl, M. (2001). Absence of sodium/iodide symporter gene mutations in 

differentiated human thyroid carcinomas. Thyroid 11, 37-39. 

Sahin, M。，Allard, B�L。，Yates, M。，Powell, I G。，Wang, X�L,，Hay, I�D。，Zhao, Y。， 

Goellner, J. R., Sebo, T. J., Grebe, S. K, et al (2005). PPARgamma staining as a 

surrogate for PAX8/PPARgamma fusion oncogene expression in follicular 

neoplasms: clinicopathological correlation and histopathological diagnostic value. 

J Clin Endocrinol Metab 90，463-468. 

Saito, T., Endo, T., Kawaguchi, A.，Ikeda, M., Katoh, R., Kawaoi, A., Muramatsu, A., 

and Onaya, T. (1998). Increased expression of the sodium/iodide symporter in 

papillary thyroid carcinomas. J Clin Invest 101’ 1296-1300. 

Sampson, E., Brierley, J. D.，Le, L. W.，Rotstein, L., and Tsang, R. W. (2007). 

Clinical management and outcome of papillary and follicular (differentiated) 

thyroid cancer presenting with distant metastasis at diagnosis. Cancer 110, 

1451-1456. 

Sanchez-Ceja, S. G.，Reyes-Maldonado, E.，Vazquez-Manriquez, M. E.，Lopez-Luna, 

J. J., Belmont, A., and Gutierrez-Castellanos, S. (2006). Differential expression of 

STAT5 and Bcl-xL, and high expression of Neu and STAT3 in non-small-cell 

lung carcinoma. Lung Cancer 54, 163-168. 

137 



Schaller, R�T。，Jr。，and Stevenson, J � K . (1966)�Development of carcinoma of the 

thyroid in iodine-deficient mice. Cancer 19, 1063=1080. 

Schlumberger, M.，Lacroix, L.，Russo, D.，Filetti, S.，and Bidart, J. M. (2007). Defects 

in iodide metabolism in thyroid cancer and implications for the follow-up and 

treatment of patients. Nat Clin Pract Endocrinol Metab 3，260=269. 

Schroder-van der Elst, J. P., van der Heide, D., Kastelijn, J., Rousset, B., and Obregon, 

M. J. (2001). The expression of the sodium/iodide symporter is up-regulated in the 

thyroid of fetuses of iodine-deficient rats. Endocrinology 142, 3736-3741. 

Schumm-Draeger, P. M. (2001). Sodium/iodide symporter (NIS) and cytokines. Exp 

Clin Endocrinol Diabetes 109, 32-34. 

Scott, D. A., Wang, R., Kreman, T. M., Sheffield, V. C., and Karniski, L. P. (1999). 

The Pendred syndrome gene encodes a chloride-iodide transport protein. Nat 

Genet 21, 440-443. 

Sehestedt, T., Knudsen, N., Perrild, H,，and Johansen, C. (2006). Iodine intake and 

incidence of thyroid cancer in Denmark�Clin Endocrinol (Oxf) 65, 229-233. 

She, Q. B., Bode, A. M.，Ma, W. Y•，Chen, N. Y., and Dong, Z. (2001). 

Resveratrol-induced activation of p53 and apoptosis is mediated by 

extracellular-signal-regulated protein kinases and p38 kinase. Cancer Res 61’ 

1604-1610. 

Sherman, S. I‘（2003). Thyroid carcinoma. Lancet 361, 501-511. 

Shi, Y. (2001). A structural view of mitochondria-mediated apoptosis. Nat Struct Biol 

民 394-401. 

Shi, Y. F.，Zou, M. J., Schmidt, H., Juhasz, F., Stensky, V.，Robb, D.，and Farid, N. R. 

(1991). High rates of ras codon 61 mutation in thyroid tumors in an 

iodide-deficient area. Cancer Res 51, 2690-2693. 

Shoemaker, A. R., Oleksijew, A., Bauch, J., Belli, B. A., Borre, T.，Bruncko, M., 

Deckwirth, T., Frost, D. J., Jarvis, K., Joseph, M. K., et al. (2006). A 

small-molecule inhibitor of Bcl-XL potentiates the activity of cytotoxic drugs in 

vitro and in vivo. Cancer Res 66, 8731-8739. 

138 



Shore, G�C。，and Nguyen, M�（2008)�Bcl-2 proteins and apoptosis: choose your 

partner. Cell 135’ 1004-1006. 

Shrivastava, A., Tiwari, M.，Sinha, R � A . ’ Kumar, A., Balapure，A. K., Bajpai, V. K., 

Sharma, R。，Mitra，K�5 Tandon, A.? and Godbole, M � M . (2006). Molecular iodine 

induces caspase-independent apoptosis in human breast carcinoma cells Involving 

the mitochondria-mediated pathway. J Biol Chem 281、19762-19771. 

Skubis-Zegadlo, J., Nikodemska, A., Przytula, E.，Mikula, M., Bardadin, K., 

Ostrowski, J., Wenzel, B. E., and Czarnocka, B. (2005). Expression of pendrin in 

benign and malignant human thyroid tissues. Br J Cancer 93, 144-151. 

Smallridge, R. C.，Marlow, L. A., and Copland, J. A. (2009). Anaplastic thyroid 

cancer: molecular pathogenesis and emerging therapies. Endocr Relat Cancer 16, 

17-44. 

Smanik, P. A., Ryu, K. Y.，Theil, K. S., Mazzaferri, E. L.，and Jhiang, S. M. (1997). 

Expression, exon-intron organization, and chromosome mapping of the human 

sodium iodide symporter. Endocrinology 138, 3555=3558� 

Smerdely, P., Pitsiavas, V., and Boyages, S. C (1993). Evidence that the inhibitory 

effects of iodide on thyroid cell proliferation are due to arrest of the cell cycle at 

G0G1 and G2M phases. Endocrinology 133，2881-2888. 

Smyth, P. P. (2003). Role of iodine in antioxidant defence in thyroid and breast 

disease. Biofactors 19, 121-130. 

Sobrinho-Simoes, M., Preto, A., Rocha, A. S•，Castro，P., Maximo, V., Fonseca, E., 

and Soares, P. (2005). Molecular pathology of well-differentiated thyroid 

carcinomas. Virchows Arch 447’ 787-793. 

Sodre, A. K., Rubio, I. G,，Galrao, A. L.，Knobel, M., Tomimori，E. K., Alves, V. A., 

Kanamura, C. T., Buchpiguel, C. A., Watanabe, T., Friguglietti, C. U., et al 

(2008). Association of low sodium-iodide symporter messenger ribonucleic acid 

expression in malignant thyroid nodules with increased intracellular protein 

staining. J Clin Endocrinol Metab 93’ 4141-4145. 

Song, Y.，Driessens, N.，Costa, M.，De Deken, X.，Detours, V., Corvilain, B., 

Maenhaut, C,，Miot, F.，Van Sande, J., Many, M. C.，and Dumont, J. E. (2007). 

139 



Roles of hydrogen peroxide in thyroid physiology and disease. J Clin Endocrinol 

Metab 92, 3764=3773� 

Spencer, C. A., and Lopresti, J. S. (2008). Measuring thyroglobulin and thyroglobulin 

autoantibody in patients with differentiated thyroid cancer. Nat Clin Pract 

Endocrinol Metab 4, 223�233� 

Spitzweg, C., Joba, W., Morris, J. C., and Heufelder, A. E. (1999). Regulation of 

sodium iodide symporter gene expression in FRTL-5 rat thyroid cells. Thyroid P, 

821-830. 

Starenki, D. V.，Namba, H., Saenko, V. A., Ohtsuru, A., Maeda, S., Umezawa, K.， 

and Yamashita, S. (2004). Induction of thyroid cancer cell apoptosis by a novel 

nuclear factor kappaB inhibitor, dehydroxymethylepoxyquinomicin. Clin Cancer 

Res 10, 6821-6829. 

Stassi, G.，Todaro，M., Zerilli, M., Ricci-Vitiani, L.，Di Liberto, D., Patti, M.，Florena, 

A., Di Gaudio, F , Di Gesu, G•，and De Maria, R. (2003). Thyroid cancer 

resistance to chemotherapeutic drugs via autocrine production of interleukin=4 and 

interleukin-10. Cancer Res 63, 6784-6790. 

Strano, S., Dell'Orso, S., Di Agostino, S., Fontemaggi, G., Sacchi, A., and Blandino, 

G. (2007). Mutant p53: an oncogenic transcription factor. Oncogene 26, 

2212-2219. 

Suchy, B., Waldmann, V.，Klugbauer, S.，and Rabes, H. M. (1998). Absence of RAS 

and p53 mutations in thyroid carcinomas of children after Chernobyl in contrast to 

adult thyroid tumours. Br J Cancer 77, 952-955. 

Suzuki, K., and Kohn, L. D. (2006). Differential regulation of apical and basal iodide 

transporters in the thyroid by thyroglobulin. J Endocrinol 189, 247-255. 

Suzuki, K., Lavaroni, S.，Mori, A., Ohta, M.，Saito, J.，Pietrarelli，M‘，Singer, D. S., 

Kimura, S.，Katoh, R., Kawaoi，A., and Kohn, L. D. (1998). Autoregulation of 

thyroid-specific gene transcription by thyroglobulin. Proc Natl Acad Sci U S A 95, 

8251-8256. 

Suzuki, K., Mori, A., Saito, J•，Moriyama, E., Ullianich, L.’ and Kohn, L. D. (1999). 

Follicular thyroglobulin suppresses iodide uptake by suppressing expression of the 

sodium/iodide symporter gene�Endocrinology 140, 5422-5430. 

140 



Swift, L. P., Rephaeli, A., Nudelman, A� s Phillips, D. R。，and Cutts, S � M „ (2006)� 

Doxorabicin-DNA adducts induce a non=topoisomerase Il-mediated form of cell 

death. Cancer Res 66, 4863-4871. 

Szinnai, G., Kosugi, S., Derrien, C.，Lucidarme, N.，David, V., Czernichow, P。，and 

Polak9 M�（2006)�Extending the clinical heterogeneity of iodide transport defect 

(ITD): a novel mutation R124H of the sodium/iodide symporter gene and review 

of genotype-phenotype correlations in ITD. J Clin Endocrinol Metab 91, 

1199-1204. 

Takahashi, K., Eguchi, H., Arihiro, K., Ito, R.，Koyama, K.，Soda, M.，Cologne, J., 

Hayashi, Y., Nakata, Y.，Nakachi, K., and Hamatani, K. (2007). The presence of 

BRAF point mutation in adult papillary thyroid carcinomas from atomic bomb 

survivors correlates with radiation dose. Mol Carcinog 46, 242-248. 

Takano, T.，Ito, Y.，Hirokawa, M,, Yoshida, H.，and Miyauchi, A. (2007). BRAF 

V600E mutation in anaplastic thyroid carcinomas and their accompanying 

differentiated carcinomas. Br J Cancer 96, 1549-1553� 

Takeshita, Y., Takamura, T。，Minato, H., Misu, H., Ando, H。，Yamashita, T。，Ikeda, 

H.，Nakanuma, Y., and Kaneko, S. (2008). Transformation of p53-positive 

papillary thyroid carcinoma to anaplastic carcinoma of the liver following 

postoperative radioactive iodine-131 therapy. Intern Med 47, 1709-1712. 

Taki, K., Kogai, T.，Kanamoto, Y.，Hershman, J. M.，and Brent, G. A. (2002). A 

thyroid-specific far-upstream enhancer in the human sodium/iodide symporter 

gene requires Pax-8 binding and cyclic adenosine 3',5'-monophosphate response 

element-like sequence binding proteins for full activity and is differentially 

regulated in normal and thyroid cancer cells. Mol Endocrinol 16, 2266-2282. 

Taniguchi, S. I” Shong, M., Giuliani, C., Napolitano，G.，Saji, M.，Montani, V.， 

Suzuki, K., Singer, D. S.，and Kohn, L. D. (1998). Iodide suppression of major 

histocompatibility class I gene expression in thyroid cells involves enhancer A 

and the transcription factor NF-kappa B. Mol Endocrinol 12, 19-33. 

Tepmongkol, S., Keelawat, S.，Honsawek, S.，and Ruangvejvorachai, P. (2008). 

Rosiglitazone effect on radioiodine uptake in thyroid carcinoma patients with high 

thyroglobulin but negative total body scan: A correlation with the expression of 

peroxisome proliferator-activated receptor-gamma. Thyroid 18，697-704. 

141 



Thangaraju, M。，Gopal，E., Martin, P. M.，Ananth, S” Smith, S�B。，Prasad, P�D。， 

Steraeck, E。，and Ganapathy, V. (2006). SLC5A8 triggers tumor cell apoptosis 

through pyruvate-dependent inhibition of hi stone deacetylases. Cancer Res 66, 

11560-11564. 

Toniato, A。，Boschin, I。，Casara, D., Mazzarotto, R., Rubello, D。，and Pelizzo, M � 

(2008). Papillary thyroid carcinoma: factors influencing recurrence and survival. 

Ann Surg Oncol 15, 1518-1522. 

Tramontano，D.，Veneziani, B. M., Lombardi, A’，Villone, G.，and Ingbar, S. H. 

(1989). Iodine inhibits the proliferation of rat thyroid cells in culture. 

Endocrinology 125, 984-992. 

Trapasso, F., Iuliano, R.，Chiefari, E., Arturi, F., Stella, A., Filetti, S,，Fusco, A., and 

Russo, D. (1999). Iodide symporter gene expression in normal and transformed rat 

thyroid cells. Eur J Endocrinol 140, 447-451. 

Unger, J.，Lambert, M.，Jonckheer, M. H‘，and Denayer, P. (1993). Amiodarone and 

the thyroid: pharmacological, toxic and therapeutic e f f ec t s�J Intern Med 233, 

435-443. 

Upadhyay, G.，Singh, R.，Sharma, R., Balapure, A. K.，and Godbole, M. M. (2002). 

Differential action of iodine on mitochondria from human tumoral- and 

extra-tumoral tissue in inducing the release of apoptogenic proteins. 

Mitochondrion 2, 199-210. 

Uyttersprot, N., Pelgrims, N., Carrasco, N., Gervy, C.’ Maenhaut, C.，Dumont, J. E.， 

and Miot, F. (1997). Moderate doses of iodide in vivo inhibit cell proliferation and 

the expression of thyroperoxidase and Na+/I- symporter mRNAs in dog thyroid. 

Mol Cell Endocrinol 131, 195-203. 

van Hoek, I., Daminet, S., Vandermeulen, E.，Dobbeleir, A., Duchateau, L., and 

Peremans, K. (2008). Recombinant human thyrotropin administration enhances 

thyroid uptake of radioactive iodine in hyperthyroid cats. J Vet Intern Med 22, 

1340-1344. 

Van No strand, D., and Wartofsky, L. (2007). Radioiodine in the treatment of thyroid 

cancer. Endocrinol Metab Clin North Am 36, 807-822, vii-viii. 

142 



van Oijen, M„ G=, and Slootweg, P � J . (2000). Gain-of~fimction mutations in the tumor 

suppressor gene p53�Clin Cancer Res 6, 2138-2145. 

Vassart, G.，and Dumont, J. E. (1992). The thyrotropin receptor and the regulation of 

thyrocyte function and growth. Endocr Rev 13’ 596-611. 

Venturi, S., Donati, F‘ M., Venturi, A., Venturi, M., Grossi, L., and Guidi, A. (2000). 

Role of iodine in evolution and carcinogenesis of thyroid, breast and stomach. 

Adv Clin Path 4, 11-17. 

Vitagliano, D‘，Portella, G., Troncone, G., Francione, A.，Rossi, C., Bruno, A., 

Giorgini, A., Coluzzi, S., Nappi, T. C., Rothstein, J. L., et al. (2006). Thyroid 

targeting of the N-ras(Gln61 Lys) oncogene in transgenic mice results in follicular 

tumors that progress to poorly differentiated carcinomas. Oncogene 25, 

5467-5474. 

Vitale, M., Di Matola, T., D'Ascoli, F., Salzano, S., Bogazzi, F., Fenzi, G., Martino, 

E., and Rossi, G. (2000). Iodide excess induces apoptosis in thyroid cells through 

a p53-independent mechanism involving oxidative stress. Endocrinology 141, 

598-605. 

Wada, T.，and Penninger, J. M. (2004). Mitogen-activated protein kinases in apoptosis 

regulation. Oncogene 23, 2838-2849. 

Wang, H. M.，Huang, Y. W., Huang, J. S.，Wang, C. H., Kok, V. C., Hung, C. M., 

Chen, H. M.，and Tzen, C. Y. (2007). Anaplastic carcinoma of the thyroid arising 

more often from follicular carcinoma than papillary carcinoma. Ann Surg Oncol 

J4, 3011-3018. 

Wang, M. Y.，Chen, P. S., Prakash，E.，Hsu, H. C., Huang, H‘ Y•’ Lin, M. T., Chang, 

K. J.，and Kuo, M. L. (2009). Connective tissue growth factor confers drug 

resistance in breast cancer through concomitant up-regulation of Bcl-xL and 

cIAPl. Cancer Res 69, 3482-3491. 

Wapnir, I. L., van de Rijn, M., Nowels, K‘，Amenta, P. S., Walton, K., Montgomery, 

K.，Greco, R. S., Dohan, O., and Carrasco, N. (2003). Immunohistochemical 

profile of the sodium/iodide symporter in thyroid, breast, and other carcinomas 

using high density tissue microarrays and conventional sections. J Clin Endocrinol 

Metab 88, 1880-1888. 

143 



Ward, L � S � 5 Santarosa, P. L。，Granja, F。，da Assumpcao, L�V。，Savoldi, M。，and 

Goldman, G. H�（2003)„ Low expression of sodium iodide symporter identifies 

aggressive thyroid tumors. Cancer Lett 200, 85-91. 

Wartofsky, L., and Van Nostrand, D. (2006). Thyroid cancer. 491-493. 

Watanabe, J., Kushihata, F.，Honda, K., Sugita, A., Tateishi, N.，Mominoki, K., 

Matsuda, S., and Kobayashi, N. (2004). Prognostic significance of Bcl-xL in 

human hepatocellular carcinoma. Surgery 135, 604-612. 

Waters, J. S.，Webb, A., Cunningham, D.，Clarke, P. A., Raynaud, F., di Stefano，F., 

and Cotter, F. E. (2000). Phase I clinical and pharmacokinetic study of bcl-2 

antisense oligonucleotide therapy in patients with non-Hodgkin's lymphoma. J 

Clin Oncol 18, 1812-1823. 

Weintraub, S. J., Manson, S. R.，and Deverman, B. E. (2004). Resistance to 

antineoplastic therapy. The oncogenic tyrosine kinase-Bcl-x(L) axis. Cancer Cell 

J, 3-4. 

Weiss, S � J ” Philp, N�J。，Ambesi=Impiombato, F. S.，and Grollman, E � R (1984)� 

Thyrotropin-stimulated iodide transport mediated by adenosine 

3 5 -monophosphate and dependent on protein synthesis. Endocrinology 114, 

1099-1107. 

Whibley, C., Pharoah, P. D.，and Hollstein, M. (2009). p53 polymorphisms: cancer 

implications. Nat Rev Cancer 9, 95-107. 

Williams, D. (2002). Cancer after nuclear fallout: lessons from the Chernobyl 

accident. Nat Rev Cancer 2, 543-549. 

Williams, E. D., Abrosimov, A., Bogdanova, T.，Demidchik, E. P., Ito, M., LiVolsi, 

V., Lushnikov, E., Rosai, J.， Tronko, M. D., Tsyb, A. F.， et al. (2008). 

Morphologic characteristics of Chernobyl-related childhood papillary thyroid 

carcinomas are independent of radiation exposure but vary with iodine intake. 

Thyroid 18, 847-852. 

Willis, A., Jung, E. J., Wakefield, T.，and Chen，X. (2004). Mutant p53 exerts a 

dominant negative effect by preventing wild-type p53 from binding to the 

promoter of its target genes. Oncogene 23，2330-2338. 



Wiseman, S�M。，Griffith, 0 � L , Deen? S� , Rajput，A。，Masoudi, H。，Gilks, B� , 

Goldstein, L., Gown, A。，and Jones, S�J�（2007)�Identification of molecular 

markers altered during transformation of differentiated into anaplastic thyroid 

carcinoma. Arch Surg 142, 717-727; discussion 727-719. 

Wiseman, S. M。，Loree, T�R。，Rigual, N�R。，Hicks, W � L � 5 Jr., Douglas, W � G � 5 

Anderson, G, R.，and Stoler, D. L. (2003). Anaplastic transformation of thyroid 

cancer: review of clinical, pathologic, and molecular evidence provides new 

insights into disease biology and future therapy. Head Neck 25, 662-670. 

Wong, R. P., Tsang, W. P., Chau, P. Y.，Co, N. N., Tsang, T. Y.，and Kwok, T. T. 

(2007). p53-R273H gains new function in induction of drug resistance through 

down-regulation of procaspase-3. Mol Cancer Ther 6, 1054-1061. 

Xiao, X., Ning, L., and Chen, H. (2009). Notch 1 mediates growth suppression of 

papillary and follicular thyroid cancer cells by histone deacetylase inhibitors. Mol 

Cancer Ther 8, 350-356. 

Xing, M�（2005)�BRAF mutation in thyroid cancer�Endocr Relat Cancer 12, 

245-262� 

Xing, M. (2009). Genetic-targeted therapy of thyroid cancer: a real promise. Thyroid 

19’ 805-809. 

Xing, M., Usadel, H.，Cohen, Y.，Tokumaru, Y., Guo, Z.，Westra, W. B., Tong, B. C., 

Tallini, G.，Udelsman, R.，Califano, J. A., et al. (2003). Methylation of the 

thyroid-stimulating hormone receptor gene in epithelial thyroid tumors: a marker 

of malignancy and a cause of gene silencing. Cancer Res 63’ 2316-2321. 

Yamamoto, K., Ichijo, H., and Korsmeyer, S. J. (1999). BCL-2 is phosphorylated and 

inactivated by an ASKl/Jun N-terminal protein kinase pathway normally 

activated at G(2)/M. Mol Cell Biol 19’ 8469-8478. 

Yamazaki, K., Mitsuhashi, T., Yamada, E.，Yamada, T., Kosaka, S,，Takano, K.， 

Obara, T., and Sato, K. (2007). Amiodarone reversibly decreases sodium-iodide 

symporter mRNA expression at therapeutic concentrations and induces 

antioxidant responses at supraphysiological concentrations in cultured human 

thyroid follicles. Thyroid 17, 1189-1200. 

145 



Yang, H � L . , Pan, J�X。，Sun，L。，and Yeung, S. C�（2003), p21 Waf-1 (Cip-1) 

enhances apoptosis induced by manumycin and paclitaxel in anaplastic thyroid 

cancer cells. J Clin Endocrinol Metab 88, 763-772. 

Yip, K, W。，and Reed5 J�C�（2008)�Bcl-2 family proteins and cancer. Oncogene 27, 

6398-6406. 

Yoshida, A.，Taniguchi, S., Hisatome, I., Royaux, I. E., Green, E. D., Kohn, L. D., 

and Suzuki, K. (2002). Pendrin is an iodide-specific apical porter responsible for 

iodide efflux from thyroid cells. J Clin Endocrinol Metab 87, 3356-3361. 

Yuasa, R., Eggo, M. C., Meinkoth, J., Dillmann, W. H.，and Burrow, G. N. (1992). 

Iodide induces transforming growth factor beta 1 (TGF-beta 1) mRNA in sheep 

thyroid cells. Thyroid 2, 141-145. 

Zhang, L.，Sharma, S., Zhu, L. X.，Kogai, T., Hershman, J. M., Brent, G. A., Dubinett, 

S. M‘，and Huang, M. (2003). Nonradioactive iodide effectively induces apoptosis 

in genetically modified lung cancer cells. Cancer Res 63, 5065-5072. 

146 


