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Abstract 

 
The sodium/iodide symporter (NIS or SLC5A5) is an intrinsic plasma membrane glycoprotein 

that mediates active transport of iodide into the thyroid follicular cells. NIS mediated iodide uptake plays 

a key role in the biosynthesis of the thyroid hormones. NIS is also expressed in thyroid cancer (TC) 

cells. This expression allows the use of radioactive iodide (RAI), which is an important diagnostic and 

therapeutic tool for malignant and benign diseases, to monitor and eliminate remaining tumor cells and 

metastases after total thyroidectomy. The lack of response to RAI treatment is due to reduced expression 

of NIS in TC cells but also to defects in its maturation and targeting to the membrane.  

 

The aim of this project is the construction of a double tagged NIS protein and the assessment of 

its functional integrity, intended for development of experimental cells systems representative of thyroid 

non-neoplastic and cancer tissues. These will be engineered to express a fully functional NIS protein 

containing the triple-HA tag and a fluorescent CFP-tag, while preserving the integrity of the C-terminal 

regulatory elements. Through this strategy diverse cellular systems can be compared despite having 

distinct levels of endogenous NIS expression, and potential interferences resulting from NIS 

transcriptional regulation are avoided.  

 

In this project, three CFP-tagged NIS-HA constructs were generated and compared with respect 

to their functionality. The presence of the CFP tag allowed the detection of NIS subcellular localization 

by fluorescence microscopy. These newly synthetized constructs were further specifically detected at 

the cell surface of intact cells. The results of this work provided a useful tool to investigate how NIS is 

regulated and retained at the cell surface. Understanding these mechanisms will ultimately allow the 

development of novel therapeutic approaches to enhance the iodide uptake and RAI efficacy. 

 

Keywords: Sodium/iodide symporter (NIS); Radioactive iodide (RAI) treatment; Gene cloning; 

Immunofluorescence;   
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Sumário 

 
 O simportador de sódio/iodo (NIS ou SLC5A5) é uma glicoproteína membranar que medeia o 

transporte ativo de iodo da corrente sanguínea para as células foliculares da tiroide. Este transporte é 

essencial na biossíntese das hormonas da tiroide, tri-iodotironina (T3) e tiroxina (T4), hormonas que 

controlam o metabolismo e têm um papel muito importante no desenvolvimento neurológico fetal e das 

quais o iodo é um constituinte fundamental.  

 

O iodo em circulação no sangue entra nas células foliculares da tiroide, passando depois para o 

lúmen folicular, onde é oxidado e incorporado na tiroglobulina (Tg) por ação da tiroide peroxidase 

(TPO) em conjunto com o peróxido de hidrogénio (H2O2) que é produzido através da ação da dual- 

oxidase 2 (DUOX2). Este processo de incorporação do iodo é chamado de “organificação”, que resulta 

na formação de mono- e diiodotirosina (MIT e DIT). Assim o iodeto está covalentemente ligado nas 

posições 3 e 4 dos resíduos de tirosil da Tg e estes resíduos iodinizados são usados para a síntese das 

hormonas da tiroide. A Tg iodinizada é depois armazenada no lúmen folicular, sendo internalizada e 

clivada proteoliticamente nos lisossomas, sendo assim libertadas as hormonas T3 e T4 na corrente 

sanguínea. A hormona estimuladora da tiroide (TSH) regula o transporte de iodo para a tiroide. Esta 

hormona é produzida na adeno-hipófise e é regulada pela hormona libertadora de tireotrofina (TRH) e 

pelo nível circulante das hormonas da tiroide, havendo um feedback negativo, já que as hormonas da 

tiroide inibem a produção de TRH. Por outro lado, uma quantidade excessiva de iodeto nas células 

foliculares pode inibir o transporte de iodo e de “organificação”, inibindo o NIS e a TPO. A diminuição 

das concentrações de iodo pode levar ao aparecimento de desordens de deficiência de iodo (IDD´s), que 

constituem um sério risco de saúde mundial. 

 

O NIS é uma proteína que é bastante regulada ao nível da transcrição, quer ao nível epigenético, 

quer ao nível pós-transcripcional, especialmente em relação à sua localização celular. A sua expressão 

e localização é controlada pela TSH e pelo iodo, sendo promovida pela TSH e inibida pelo excesso de 

iodo. Esta proteína também está sujeita a bastantes modificações pós-transcripcionais, como 

fosforilações e sumoilações, e apresenta vários motivos ligados à interação entre proteínas, 

nomeadamente na sua porção C-terminal. Estes motivos são muito importantes na localização do NIS 

na membrana celular das células foliculares da tiroide. As citoquinas também mostram ter um papel 

fundamental na modulação da função do NIS nas células da tiroide, podendo afetar a função da glândula 

e o seu crescimento, bem como o estradiol, que mostrou ter um papel crucial na modulação do NIS. Este 

é responsável pelo aumento da glândula da tiroide e pela reduzida expressão do gene do NIS. Hormonas 

e fatores de crescimento também afetam a expressão de NIS nas células da tiroide. O NIS também é 

expresso em células cancerígenas da tiroide, sendo esta a neoplasia endócrina mais frequente. No 

entanto, neste tipo de neoplasia a expressão de NIS funcional encontra-se diminuída, uma vez que a 

regulação transcripcional e pós-transcripcional do NIS envolve vias de sinalização que também estão 

implicadas na progressão e agressividade tumoral e que se encontram ativadas neste tipo de 

malignidades. Entre estas vias de sinalização destacam-se a MAPK/ERK e a PI3K/AKT/mTOR.  

 

O cancro da tiroide pode derivar dos componentes foliculares e parafoliculares da glândula da 

tiroide, sendo a cirurgia o principal tratamento, independentemente do subtipo histológico. Dentro do 

subtipo folicular de carcinomas da tiroide, existem 3 categorias no que diz respeito ao seu nível de 

diferenciação: bem diferenciados (well differentiated thyroid carcinoma - WDTC), pouco diferenciados 

(poorly differentiated thyroid carcinoma - PDTC) e anaplásicos (anaplastic thyroid carcinoma - ATC). 

Os WDTC podem ser do subtipo papilar (papillary thyroid carcinoma - PTC) ou folicular (follicular 
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thyroid carcinoma – FTC). Os WDTC são caracterizados por ter um prognóstico favorável devido à 

eficácia combinada da cirurgia e do uso de iodo radioativo (RAI). O RAI, é uma importante ferramenta 

de diagnóstico e terapêutica para doenças malignas e benignas, para monitorizar e eliminar células 

cancerígenas remanescentes, bem como metástases após tiroidectomia total. A falta de resposta ao 

tratamento por RAI deve-se a defeitos na maturação, transporte para a membrana e expressão do NIS 

em células cancerígenas da tiroide, o que leva a uma diminuição no transporte de iodo nestas células. 

Várias tentativas têm sido feitas com vista a aumentar a expressão de NIS através da manipulação das 

vias de sinalização do MAPK/ERK e PI3K/AKT. Por exemplo, o uso de inibidores, como o Selumetinib 

levou a um aumento da captação de RAI em lesões refratárias ao iodo de doentes com cancro da tiroide. 

Outros inibidores também têm sido usados, como inibidores de cinases e agentes desmetilantes, no 

entanto com pouco sucesso, uma vez que estas tentativas se focam essencialmente no aumento da 

expressão do NIS. No entanto, o transporte do NIS para a membrana está diminuído em vários modelos 

de cancro da tiroide, até em casos em que os níveis de mRNA estão normais ou mesmo aumentados. 

Isto significa que o processamento pós-transcripcional do NIS, bem como o seu transporte e retenção 

na membrana é muito importante na eficiência da terapia com RAI. O NIS também é expresso noutros 

tecidos, incluindo células salivares, nos enterócitos intestinais, na placenta e no tecido mamária durante 

a lactação, bem como em células de cancro da mama. De facto, cerca de 80% dos carcinomas da mama 

também expressam NIS, mas a níveis muito baixos para justificar o tratamento com RAI. No entanto, 

tem sido proposto que caso fosse possível aumentar a expressão funcional de NIS nestes tumores, o uso 

de RAI como uma terapia coadjuvante seria provavelmente benéfico para muitos pacientes. Por isso, é 

importante o aumento da abundância e estabilidade do NIS na membrana, em vista a melhorar a captação 

de RAI. 

 

O objetivo deste projeto é o desenvolvimento e avaliação da integridade funcional de uma 

proteína NIS marcada com duas marcas peptídicas: uma localizada num domínio extracelular (a marca 

HA tripla) que permita a deteção específica do NIS na superfície celular, bem como uma marca 

fluorescente (marca CFP) na sua porção C-terminal citoplasmática, que permita a monitoração da sua 

localização subcelular durante o seu trafego membranar. A construção destas proteínas NIS marcadas 

visa o posterior desenvolvimento de sistemas celulares experimentais representativos de tecidos 

neoplásicos e não neoplásicos da tiroide. Através desta estratégia vários sistemas celulares podem ser 

comparados. Isto permitirá o estudo do impacto de várias vias de sinalização representativas da 

progressão e agressividade tumoral no transporte e retenção do NIS na membrana plasmática, bem como 

a validação de alvos moleculares para o aumento da expressão de NIS funcional e o aumento da captação 

de iodo. 

 

 Neste trabalho, foram desenvolvidas três construções da proteína NIS contendo a marca 

peptídica HA extracelular (NIS-HA) e a marca peptídica CFP em diferentes localizações do domínio 

citoplasmático, na tentativa de preservar os elementos regulatórias da porção C-terminal do NIS: NIS-

HA-CFP, NIS-HA-CFP-Cter, NIS-HA-CFP-pre-Cter. Estas construções proteicas permitiram a deteção 

específica do NIS na superfície celular de células intactas e a deteção específica do mesmo, desde a sua 

biossíntese até ao seu transporte e retenção na membrana plasmática, através de ensaios de biotinilação 

de proteínas de superfície e microscopia de fluorescência. O NIS-HA-CFP parece ser, entre as 

construções sintetizadas, o que apresenta uma maior expressão. Também é importante referir que o NIS-

HA-CFP apresenta uma distribuição celular distinta, quando comparada com as outras construções, 

estando mais acumulado na região perinuclear, enquanto o NIS-HA-CFP-Cter se encontra em regiões 

definidas na periferia celular. Também observámos que a marcação na superfície celular das construções 

CFP-tagged era menor do que no NIS-HA (sem marca CFP). No que respeita a marcação na superfície 

celular, as construções NIS-HA-CFP e o NIS-HA-CFP-Cter apresentaram uma forte marcação, 
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enquanto que a da construção NIS-HA-CFP-pre-Cter, revelou-se fraca. Serão necessários estudos 

subsequentes para avaliar a capacidade funcional de cada uma destas construções, nomeadamente, a sua 

capacidade de importe de iodo através de ensaios de influxo de iodo. Este trabalho poderá contribuir 

para uma melhor compreensão dos mecanismos subjacentes à expressão do NIS, ao serem usados como 

repórteres do NIS endógeno tanto em células normais como em células cancerígenas. Serão assim 

usados no estabelecimento de linhas celulares e para o teste de alvos moleculares que possam levar ao 

aumento da expressão membranar de NIS e o consequente aumento da captação de RAI. Isto poderá 

contribuir para o desenvolvimento de estratégias que visem a melhoria da eficiência da terapêutica com 

RAI, que poderão se aplicadas ao carcinoma da tiroide refratário ao iodo ou mesmo a outras condições 

malignas, não-tiroideias, como é o caso do carcinoma da mama. 

 

 

Palavras-chave: Simportador de sódio/iodo (NIS); Iodo; Tratamento com iodo radioativo (RAI); 

Clonagem; Imunofluorescência 
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1.Introduction 

 

1.1 Thyroid gland 

 

The thyroid gland is located in the lower part of the anterior neck, at the level of the second to third 

tracheal rings, inferior to the larynx. It is a shield-shaped organ, named after the thyroid cartilage of the 

trachea (Braverman L.E. et al.,2012). It consists of two lobes, each on the corresponding side of the 

tracheal wall (Fig. 1.1). They are connected with a thin strip of thyroid tissue that extends across the 

anterior surface of the trachea called the isthmus (De Felice M. et al.,2011). It is very important in 

several regulation functions like the metabolic rate, energy expenditure and in the function of several 

organs like the heart or brain (Rosenberg S.M. et al.,2015).  

 

The thyroid is formed from a midline anlage in the pharyngeal floor consisting of foregut endoderm 

cells that are committed to a thyroid fate. These cells then give rise specifically to the follicular cell 

lineage that eventually will form hormone producing units – the thyroid follicles. Differentiated cells 

within these follicles, known as thyrocytes, are strictly epithelial. Are these cells that produce the thyroid 

hormones triiodothyronine and thyroxine (T3 and T4), which are iodinated dipeptides that are 

synthesized, stored and secreted in a complex series of reactions (Rousset et al.,2015). The thyroid also 

contains a second population of hormone producing cells named parafollicular cells (C cells). These are 

neuroendocrine thyroid cells whose principal function is to secret calcitonin. Additionally, the thyroid 

gland contains a vast network of capillaries surrounding each follicle that provides systemic delivery of 

released hormones (Kameda et al.,2007). The thyroid also contains other interstitial cells such as 

macrophages and mast cells (Visciano et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 – Structure and function of the thyroid gland. (A) The human thyroid gland (red) consists of two lateral lobes 

and a connecting isthmus portion that crosses the midline at the level of the first or second tracheal cartilaginous rings. hb, 

hyoid bone; tc, thyroid cartilage; tr, trachea; ca; carotid artery. (B) Follicles, the functional units of the gland, vary in size and 
shape. Follicular cells (or thyrocytes), the major cell type in follicles, form a monolayered epithelium (green) that encloses a 

central cavity or lumen filled with colloid (orange), which constitutes a thyroid hormone reservoir. Each follicle is surrounded 

by a network of capillaries (red). Neuroendocrine cells (or C cells; blue), fibroblasts (grey) and other stromal cells (e.g. 

macrophages and mast cells; not shown) reside close to the follicles or interstitially (adapted from Nilsson, M. and Fagman, 
H., 2017). 
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1.2 Role of iodine in thyroid´s function and regulation of iodide uptake 

 

Iodine is an essential element needed for the production of thyroid hormones, which controls 

metabolism and plays a major role in fetal neurodevelopment. Its ionized form is called iodide. Iodine 

deficiency results in impairment of thyroid hormone synthesis and may lead to several undesirable 

consequences. The impact of iodine deficiency is most significant during fetal life and early childhood 

development, with manifestation of goiter, delayed physical development and impaired mental function. 

Adults can manifest impaired mental function, hypothyroidism, and goiter (Zimmermann M.B.,2009). 

 

Iodide (I-) is transported across the cell membrane by the sodium/iodide symporter (NIS), a 

plasma glycoprotein that mediates transport of iodide into all iodide-concentrating tissues including the 

thyroid gland, intestine, salivary gland, lactating breast, and stomach (Dai et al.,1996). The cell´s uptake 

of iodide mediated by NIS requires an electrochemical sodium gradient from outside to inside of cells, 

which is maintained by the sodium/potassium pump (Na+/K+ ATPase) (Fig. 1.2). NIS concentrates 

iodide 30- to 60-fold, relative to the concentration in the blood, into the thyroid follicular cells 

(Kaminsky et al.,1994). Iodide in the follicular cell then moves into the follicular lumen. Iodide, after 

translocation into the follicular lumen, is oxidized and incorporated into thyroglobulin (Tg) by thyroid 

peroxidase (TPO), with hydrogen peroxide (H2O2) produced through the action of dual oxidase-2 

(DUOX2). This process of incorporation of iodide into protein is called “organification” and results in 

the formation of mono- and diiodotyrosines (MIT and DIT). Iodine is covalent bound at the 3 and 4 

positions of tyrosyl residues on Tg and the iodinized thyroid residues are used for thyroid hormone 

synthesis. Iodinated Tg is stored in the follicular lumen and it is internalized via endocytosis or 

micropinocytosis, followed by proteolytic cleavage in the lysosomes with subsequent release of T3 and 

T4 into the bloodstream (Bizhanova and Kopp,2009). 

 

 

 

Figure 1.2 – Schematic representation of iodide metabolism in the thyroid. NIS uses the sodium gradient generated by the 

Na+/K+-ATPase to actively transport iodide into thyrocyte cells. The iodide ions cross the cells and are organified (covalently 
linked) inside the thyroid follicles by thyroid peroxidase (TPO) onto thyroglobuline tyrosine residues. These iodotyrosines are 

then coupled to form thyroid hormones. After endocytosis, the iodinated Tg is proteolysed, and the thyroid hormones are 

released into the bloodstream. (adapted from Elisabeth Darrouzet et al., 2014). 
 

Thyroid stimulating hormone (TSH) regulates iodide transport into the thyroid folicula (Kogai, 

T. et al.,2006). It is a peptide hormone produced in the anterior pituitary gland (adenohypophysis). TSH 

is under the regulation of both thyrotropin-releasing hormone (TRH), which is produced in the 

hypothalamus, and the circulating levels of thyroid hormone (Fig. 1.3). This is a classical feedback loop, 

frequently described in various endocrine axes. Thyroid hormone inhibits TRH production. This leads 
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to decreased TSH synthesis and release from the pituitary gland and, in turn, decreased stimulation of 

the thyroid gland to uptake iodine and synthesize and release thyroid hormone (Ross D.S. et al.,1990). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 - Hypothalamic-pituitary-thyroid axis: negative feedback loop. (adapted from Stathatos, N., 2019). 
 

 

Conversely, the presence of excess amounts of iodine in the follicular cells can inhibit the 

process of iodine uptake and organification by inhibiting the NIS and TPO. This inhibition, which is 

called the “Wolff- Chaikoff” effect, is temporary and results in the depletion of intracellular iodine 

which, in turn, allows for the reset of the organification mechanism and synthesis of new thyroid 

hormone.  

 

1.3 Thyroid Cancer 

Thyroid cancer (TC) is the most frequent endocrine neoplasia, and its incidence has been rapidly 

increasing worldwide. The papillary histotype is the most frequent. (Fig. 1.4). TC can derive from both 

the follicular and the parafollicular components of the thyroid gland. The primary treatment for thyroid 

carcinoma is surgery, regardless of the histological subtype. Three malignant lesions may derive from 

follicular cells in what concerns the level of differentiation: well-differentiated (WDTC), poorly 

differentiated (PDTC) and anaplastic (ATC) thyroid carcinomas. WDTC´s are either papillary (PTC) or 

follicular (FTC) subtypes. These two types are characterized by specific histological features, and by 

the maintenance of some differentiating features (Kondo et al.,2006). WDTCs have a favorable 

prognosis thanks to the efficacy of combined surgical and radioiodine-based therapy, the systemic 

treatment of choice for WDTC metastatic disease. PDTC´s and ATC´s, which are thought to derive from 

pre-existing differentiated tumors, show poor or even no accumulation of radiodide and respond poorly 

to medical and surgical treatment (Rosai et al.,1992). Medullary thyroid carcinoma (MTC), which arises 

from the parafollicular C-cells of the thyroid, is not a candidate for radiodide therapy, because it does 

not express NIS. (Roman et al.,2009). So, it will not be a study theme in this thesis.   
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Figure 1.4 – Thyroid Carcinomas. (A) shows the relative incidence of the main types of thyroid cancer in the United States 

(adapted from Fagin, J.A and Wells, S.A., 2016). 

 

 

Non-overlapping mutations of RAS and BRAF genes as well as RET-PTC rearrangements are 

found in about 70% of PTCs. These encode activators of the mitogen-activated protein kinase (MAPK) 

cascade. RET encodes the tyrosine kinase receptor of growth factors belonging to the glial-derived 

neurotrophic factor (GDNF) family (Manie et al.,2001). RET/PTC rearrangements are thought to be 

early events in thyroid tumorigenesis since they are very frequent in clinically silent small PTC (Fusco 

et al., 2002). Activating point-mutations in RAS small GTPases are found mainly in the follicular variant 

of PTC (PTC-FV) (Zhu et al.,2003). Point mutations in BRAF are the most common genetic lesion in 

these tumors (Kimura et al., 2003; Xu et al.,2003; Soares et al.,2003; Cohen et al.,2003).  

 

BRAF is a member of the RAF family of serine/threonine kinases, and it is a component of the 

MAPK signalling module. FTCs are characterized by RAS point-mutations (Nikiforova et al.,2002) or 

by the PAX8/PPARγ rearrangement (Kroll et al., 2000). PDTC and ATC can derive from pre-existing 

WDTCs. RAS point-mutations and the BRAF V600E mutation are prevalent in PDTC and ATC (Garcia-

Rostan et al.,2003; Nikiforova et al.,2003; Begum et al.,2004). Finally, p53 mutations are often found 

in ATC (Donghi et al., 1993; Fagin et al.,1993) (Fig. 1.5). 
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Figure 1.5 – Histological classifications of thyroid cancers. Thyroid cancer histotypes are outlined, along with their cells of 

origin, contributing aetiological factors, primary genetic alterations, and relative incidence. The relative prognosis of well 

differentiated thyroid cancer (WDTC) subsets is also shown. ATC, anaplastic thyroid cancer; CEA, carcinoembryonic antigen; 

FTC, follicular thyroid cancer; HCC, Hürthle-cell carcinoma; MTC, medullary thyroid cancer; PPARγ, peroxisome 

proliferator-activated receptor γ; PTC, papillary thyroid cancer; T3, tri-iodothyronine; T4, tetraiodothyronine (thyroxine). 

(adapted from Keith C. Bible1 et al., 2016). 

 

1.4 Radioactive iodine therapy 

  

Radiodide (RAI) is widely used in patients with differentiated thyroid cancer for ablation of 

residual lesions or metastases after total thyroidectomy. If the RAI uptake is observed in distant 

metastases, RAI treatment is highly effective and markedly increases the survival rate (Durante et al., 

2006). 

 

More than 70% of differentiated thyroid cancer, including the papillary and follicular subtypes, 

expresses NIS and actively uptake RAI. The de-differentiation of thyroid cancer, however, influences 

the regulation of NIS and reduces functional NIS expression (Kogai, T. et al.,2006). As a result, the 

tumor is visualized on a radioiodide imaging study as a relatively “cold” nodule with reduced tracer 

uptake, compared to the surrounding normal tissue. Differentiated thyroid cancer usually retains 

expression of the TSH receptor (TSHR), although less differentiated thyroid cancer has reduced 

expression of TSHR (Ohta et al.,1991; Mizukami et al.,1994). The majority of WDTC respond to TSH 

stimulation with an increase in endogenous NIS expression and RAI accumulation. This stimulation is 

achieved after total thyroidectomy by increasing serum TSH level through the withdrawal of thyroid 

hormone treatment, which increases secretion of endogenous TSH from the pituitary due to reduced 

feedback of circulating thyroid hormone. 

 

The resulting hypothyroidism however may not be well tolerated in some patients and the 

administration of recombinant human TSH is utilized as an alternative and has similar efficacy to T4 

withdrawal, but without significant side effects (Ladenson et al.,1997; Haugen et al.,1999). 
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In the normal thyroid, the retention time of organified iodine in follicles is significantly longer 

than that in TC (Wolff et al.,1959; Valenta,1966; Field et al.,1973). Nevertheless, RAI therapy is very 

effective in patients with DTC (differentiated thyroid cancer), even without extensive organification.  

 

However, a significant fraction of metastatic thyroid cancer, in the range of 30–40%, does not 

respond to RAI therapy, even in the presence of an elevated TSH (Maxon & Smith,1990). Greater NIS 

expression in TC is associated with greater uptake of radioiodide (Castro et al.,2001), as well as a better 

prognosis (Ward et al.,2003). Increased NIS function is desired to improve the efficacy of RAI. The 

regulation of NIS functional expression in thyroid follicular cells and thyroid cancer cells, has therefore, 

been intensively studied. 

 

1.5 Sodium/Iodide Symporter (NIS) expression, structure and functional characterization 

 

NIS or solute carrier family 5 member 5 (SLC5A5) is a glycosylated intrinsic membrane protein 

(De La Vieja, A. et al.,2000 and Jung, H., 2002) with 13 trans-membrane domains (Fig. 1.6). The protein 

is found in the basolateral membrane of thyroid follicular cells where it mediates efficient iodide uptake 

from the bloodstream into the thyroid using the sodium gradient generated by NA+/K+ -ATPase. It makes 

an essential contribution to thyroid hormone synthesis and, therefore, to the control of human 

metabolism in general. NIS is a key protein in thyroid regulation and its expression is finely tuned at the 

transcriptional levels (Dohan et al.,2003; Kogai, T. and Brent, G.A., 2012). Its function also plays a 

crucial role in the diagnosis and treatment of benign and malignant thyroid diseases (Riesco-Eizaguirre, 

G. et al.,2007; Carvalho, D.P. et al.,2007; Hingorani, M. et al.,2010). Studies are currently underway to 

better control NIS regulation, which could be useful in RAI treatment, since NIS expression in TC is 

low and radioiodine uptake needs to be enhanced (Ho, A.L et al.,2013). 

 

NIS expression is also found in other cells/tissues, albeit at levels exceedingly lower than 

thyroid. These include salivary gland ductal cells (Jhiang, S.M. et al.,1998; La Perle, K.M. et al.,2013), 

lung airway epithelial cells (Fragoso, M.A. et al.,2004), intestinal enterocytes (Nicola, J.P. et al.,2009), 

epithelial and parietal stomach cells (Kotani, T. et al.,1998), placenta (Bidart, J.M. et al.,2000) and 

testicular cells (Russo, D. et al.,2011). The functional role of the protein in these tissues remains 

speculative. Notably, NIS is considerably expressed in breast tissue during lactation (Perron, B. et al., 

2001; Tazebay, U.H. et al.,2000; Cho, J.Y. et al.,2000). 

 

NIS belongs to the superfamily of SSS (sodium/solute symporters) in the transporter 

classification system (Reizer, J. et al.,1994) and to the SLC5 family in the solute carrier nomenclature 

(Hediger, M.A. et al.,2004; He, L. et al.,2009). Most of the members of these families are symporters 

and mediate the uptake of a variety of molecules: sugars, amino acids, monocarboxylates, myo-inositol, 

vitamins, urea and anions (iodide, thiocyanate, perchlorate). Members of the SSS family vary greatly in 

size, being composed of between 500 and 700 amino acid residues (Jung, H.2002; Wright, E.M. et 

al.,2004; Wright, E.M.2013). In this family, as for many other symporters, the inward Na+ 

(sodium) gradient and the negative membrane potential drive the transport of the substrates into the cells 

and several members also behave as uniporters (Eskandari, S. et al.,1997;  Wright , E.M.et al.,2004; 

Loo, D.D. et al.,1999). 

 

 NIS transports one iodide ion along with two sodium ions following the inwardly directed 

sodium gradient. Li+ (lithium) can also be used as a coupling cation but the transport activity is only 

about 10% of that obtained with Na+, while H+ (hydrogen) is barely transported (Eskandari, S. et 

al.,1997). The following anions are known to be NIS substrates: ClO3
− (chlorate), SCN− (thiocyanate), 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/solute
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amino-sugars
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/inositol
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/thiocyanate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/membrane-potential
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/iodide
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SeCN− (selenocyanate), NO3
− (nitrate), ReO4

− (perrhenate) and TcO4
− (pertechnetate) and to a lower 

extent Br− (bromide) and BF4
− (tetrafluoroborate) (Eskandari, S. et al.,1997; Van Sande, J. et al.,2003).  

 

 

 

 

Figure 1.6 – NIS structure model.  

 

 

NIS is composed of 643 amino acids in humans. The NIS protein carries three N-linked 

glycosylation’s , resulting in a mature protein that migrates at an apparent molecular weight of 80–

90 kDa. (Paire, A. et al.,1997; Levy, O. et al.,1998). NIS glycosylation is not required for the correct 

targeting of the protein to the plasma membrane but plays a role in protein stabilization and folding 

(Levy, O. et al.,1998).In the latter model, the N-terminus extremity is extracellular and the C-

terminus intracellular.  The predicted length of the 13 transmembrane segments ranges from 20–28 

amino acid residues, except for transmembrane segment V, which contains 18 residues. Only three 

charged residues are predicted to lie within transmembrane segments, namely Asp 16 in transmembrane 

segment I, Glu 79 in transmembrane segment II, and Arg 208 in transmembrane segment VI. Of a total 

of eight Trp residues found in the membrane, six are located near the ends of transmembrane segments 

close to the putative lipid/aqueous interface (Eskandari S. et al.,1997). 

 

The intracellular C-terminus contains 100 amino acids in the human and represents the longest 

stretch of amino acid residues predicted to lie outside the membrane. This portion contains numerous 

potential phosphorylation sites (PKA, PKC, CKII) (Vadysirisack, D.D. et al.,2007). This domain also 

bears several potential binding sites for regulatory proteins and is predicted by bioinformatics to have 

few secondary structures, and thus to be intrinsically unstructured. Another feature of membrane 

proteins, including NIS, is their appearance in different oligomeric forms modulating their maturation, 

targeting, stability and even function (Veenhoff, L.M. et al.,2002; Sitte, H.H. et al.,2004). 

 

Knowledge of the NIS structure/function relationship has been mainly obtained from studies of 

NIS gene mutations leading to congenital iodine transport defects (ITD) (S. Faham et 

al.,2008). Fourteen NIS mutations have been identified in ITD to date. They lead to either the synthesis 

of truncated proteins (Pohlenz, J. et al.,1997; Pohlenz, J. et al.,1998) proteins with partial 

deletions (Kosugi, S. et al.,2002; Tonacchera, M. et al.,2003; Liang, J.A. et al.,2005; Montanelli, L. et 

al.,2009) or amino acid substitutions (Kosugi, S. et al.,2002; Matsuda, A. and Kosugi, S., 1997; Kosugi, 

S. et al.,1998; Kosugi, S. et al.,1999; Fujiwara, H. et al.,2000;  Szinnai, G. et al.,2006) . Some have been 

further characterized at the molecular level. The V59E mutation causes a complete loss of NIS function 

(Reed-Tsur, M.D. et al.,2008). It was also discovered that the G93 residue present in TM3 and Trp255, 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/n-linked-glycosylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/n-linked-glycosylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycosylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/n-terminus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/c-terminus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/c-terminus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-secondary-structure
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/structure-activity-relation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gene-mutation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amino-acid-substitution
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an amino acid residue in close contact, are implicated in the control of the conformational changes as 

well as in the stoichiometry (Paroder-Belenitsky, M. et al.,2011). The R124H mutation was also 

described as a mutation that abolishes NIS iodide uptake activity in cells but does not impair targeting 

to the membrane (Szinnai, G. et al., 2006).  It was also shown that Q267E mutations may lead to an 

inactive transporter (De La Vieja, A. et al.,2000; De La Vieja, A. et al.,2004). The deletion of amino 

acid residues 287 and 288, located in TM8, leads to a complete absence of iodide uptake (Montanelli, 

L. et al.,2009). This region is thus probably also important in NIS for substrate binding/translocation. 

Analysis of the T354P mutation (Levy, O. et al.,1998) revealed the importance at this position of the 

hydroxyl group on the threonine beta-carbon for NIS function and led to the finding that other hydroxyl-

containing residues surrounding T354 in TM9 are also required for NIS function (De La Vieja, A. et 

al.,2007). It was also identified amongst several NIS homologues a conserved histidine residue H226. 

Replacement of H226 by an Ala, Asp, Glu or Lys residue leads to a complete loss of transport activity 

(Wu, S.L. et al.,2008).  

 

1.6 NIS transcriptional regulation  

 

TSH is the primary regulator of NIS expression in thyroid glands. Stimulation of TSHR 

activates cyclase trough the Gs-protein, resulting in cyclic AMP (cAMP) accumulation in thyroid cells. 

The elevation of endogenous cAMP induces NIS transcription by stimulating several signal pathways 

of cis-regulatory elements in NIS locus (Kogai, T. et al.,2006), including the NIS upstream enhancer 

(NUE) contained in the NIS promoter (Ohno et al.,1999; Taki et al.,2002).  

 

 The human NUE consists of one Pax8 (thyroid-specific transcription factor) binding site and 

one cAMP-response element (CRE)-like site, both of which are required for the full activity of NUE 

(Taki et al.,2002) (Fig. 1.7). cAMP stimulates the NUE through both PKA- dependent and -independent 

pathways in thyroid cells (Ohno et al.,1999; Taki et al.,2002; Chun et al., 2004). PKA phosphorylates 

the cAMP-responsive element binding protein (CREB) and other basic-leucine zipper (B-ZIP) proteins, 

such as activating transcription factor-1 (ATF-1) and CRE-modulator (CREM), leading to recruitment 

of these B-ZIP proteins by the CRE-like element in NUE (Taki et al.,2002; Chun et al.,2004). Pax8 is a 

key transcription factor for thyroid development and differentiation (Mansouri et al.,1998).  

 

Transcription of thyroid specific genes, including TSHR, Tg, TPO, and NIS, is dependent on 

PAX8 activity. Binding of PAX8 to the NUE, in response to TSH stimulation (Costamagna et al.,2004), 

is the primary requirement for significant activation of NUE (Ohno et al.,1999; Taki et al.,2002). The 

TSH signalling facilitates the reduction of PAX8 (Kambe et al.,1996) through redox effector factor-1 

(Ref-1), which stimulates PAX8 binding to its cis-elements (Tell et al.,1998). 
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Figure 1.7 -  Regulation of the NUE in thyroid cells. (A) Map of the human chromosome 19p around the NIS gene locus. 

The “A” in the translation start site (ATG) of NIS is referred to as +1. (B) TSHR signalling pathways to NUE. NIS expression 

in thyroid cells is predominantly regulated by the TSHR signalling to NUE. Gain-of-function studies of the molecules, indicated 

by red colour, have demonstrated stimulation of the NUE activity. The consensus sequences of cis-elements of PAX8, CRE, 
and USF1 are indicated along with the sequence of human NUE. *, Stimulatory effects have been reported with rat NUE, which 

contains an additional Pax8 element and an NFκB element. AC, adenylyl cyclase; Ref-1, apurinic apyrimidinic endonuclease 

redox effector factor-1 (adapted from Kogai, T. and Brent, G.A., 2012). 

 

 

Several additional factors have been identified, mostly acting as negative regulators of NIS. The 

NUE is negatively regulated by the pituitary tumor-transforming gene-1 product (PTTG1) (Fig 1.7) 

(Boelaert et al.,2007). The cofactor of the PTTG1 is the PTTG1-binding factor (PBF) (Boelaert et 

al.,2007). The PAX8 element, as well as an overlapping element of upstream transcription factor-1 

(USF-1), in the NUE is important for negative regulation by the PTTG1/PBF complex. Abundant 

expression of PTTG1 (Saez et al.,2006), as well as PBF (Stratford et al.,2005), has been observed in 

most TC samples, suggesting contribution of those factors to the reduced NIS expression in TC.  Also, 

several in vitro studies have demonstrated that transformation growth factor (TGFβ) suppresses the 

differentiated function of thyroid cells, including iodide uptake (Pang et al., 1992) and iodide 

organification (Pisarev et al.,2009). 

 

1.7 NIS post-translational regulation 

 

NIS is a protein that is finely regulated at the transcriptional level, including epigenetic 

regulation (Kogai, T. and Brent, G.A., 2012; Russo, D. et al.,2011), and at the post-translational level, 

especially in relation to its subcellular localization. In the thyroid, the protein is located at the basolateral 

membrane of the follicular cells, whereas for some tissues such as the intestinal epithelium, an apical 

localization has been described (Nicola, J.P. et al.,2009; Kotani, T. et al.,1998) suggesting that the NIS 

membrane targeting in polarized cells is cell-type dependent. Under physiological conditions, TSH 

and iodide control NIS expression and localization to the thyroid plasma membrane, which is promoted 

by TSH (Paire, A. et al.,1997; Kogai, T. et al.,1997;  Riedel, C. et al.,2011) and inhibited by an excess 

of iodide ( Eng, P.H. et al.,1999;  Eng, P.H. et al.,2011). The MEK signalling pathway is also important 

in oncogenic transformation and appears to be a key element in NIS protein stability, at least in breast 

cancers (BC). Very few data are, however, yet available regarding these processes at the molecular level. 

Many potential regulation sites that are subject to post-translational modification 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/subcellular-localization
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/basolateral-membrane
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/basolateral-membrane
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/follicular-cell
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/iodide
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/signal-transduction
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(phosphorylation, sumoylation, ubiquitination), or sites of protein/protein interaction (SH3 or SH2 

binding motifs, tyrosine-based motifs, PDZ domain protein binding sites…), are present on this protein, 

mainly at the C-terminal domain. PDZ target motif at the C-terminal tail is one of the sequences involved 

in protein-protein interactions. PDZ target sequences are recognized by PDZ binding proteins (Fanning, 

A.S. and Anderson, J.M.,1999). NIS also contains a dileucine motif, which has been proposed to play a 

role in the sorting of certain membrane proteins within the cell (Tan, P.K. et al.,1998; Dietrich, J. et 

al.,1997). The dileucine motif, like tyrosine-based sorting signals, interacts directly with the clathrin-

coated machinery (Marks, M.S. et al.,1997). This interaction allows for selective incorporation of the 

integral membrane proteins into coated vesicles that carry proteins to different destinations within the 

cell. In addition, three acidic dipeptide motifs are present in the C-terminus of NIS. Acidic-based motifs 

function as retrieval signals for proteins localized at the cell surface (Piguet, V. et al.,1999; Voorhees, 

P. et al.,1995). Phosphorylation, a common cellular mechanism for modulating activity, subcellular 

localization, and/or degradation of proteins, is a regulator of the activity of transporters (Glavy, J.S. et 

al.,2000). NIS contains several consensus sites for kinases, including glycogen synthase kinase 3, cyclin-

dependent kinases I (CKI) and CKII, PKA and PKC. NIS is phosphorylated in vivo and serines are the 

main amino acid residues in which phosphorylation occurs, independently of TSH presence (Riedel, C. 

et al.,1999; Riedel, C. et al.,2001). Although there are some studies about post-translational regulation 

of NIS, little is known about it. 

 

1.8 Modulators of NIS expression 

 

Cytokines have also been shown to play a role in the modulation of NIS function in thyroid 

cells. Cytokines can affect thyroid function and growth and cause immunological changes in the gland. 

These are produced by either infiltrating inflammatory cells or by the thyroid follicular cells themselves 

in the context of autoimmune diseases (Ajjan, R.A. et al.,1998). The thyroidal effects of cytokines have 

mostly been examined in FRTL-5 cells kept in TSH-free medium, to which TSH and cytokines were 

then added simultaneously (Spitzweg, C. et al.,1999). The cytokines investigated include TNF-α, TNF-

β, interferon-γ (IFN-γ), IL-1α, IL-1β, IL-6, and TGF-β, all of which exerted an inhibitory effect on 

thyroid function, including decreased NIS expression and iodine (I−) uptake. 

 

It has also been proposed that estradiol plays a role in the modulation of NIS. Indirect effects of 

estradiol on thyroid function include an increase in T4-binding globulin (TBG). An increase in cell 

growth and the reduced expression of NIS gene are two direct effects of estradiol in thyroid follicular 

cells. Goiter formation may be promoted by the increase in cell growth and the reduction of NIS gene 

expression caused by estrogen, which would explain the higher prevalence of goiter in women compared 

with men (Furlanetto, T.W. et al.,1999). 

 

Hormones and growth factors also exert their effects on thyroid cells and NIS expression, via 

several signal transduction pathways. The TSH-TSHR-cAMP-PKA pathway has for a long time been 

considered the central and most important pathway for thyroid cell proliferation and differentiation 

(Dremier, S. et al.,1997). This pathway has been reported to play a role in the regulation of NIS 

expression (Ohno, M. et al.,1999). Interestingly, evidences indicate that cAMP pathways, both PKA 

dependent and independent, contribute to thyroidal cell differentiation and therefore regulation of NIS 

expression (Kawasaki, H. et al.,1998).  

 

1.9 NIS expression in thyroid cancer 

 

The main reason for impaired iodide uptake in refractory TC is the defective functional 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sumoylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-protein-interaction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pdz-domain
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/c-terminus
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expression of NIS (Spitzweg, C. et al.,2014; Durante, C. et al.,2006). Transcriptional and post-

transcriptional regulation of NIS expression involves different molecular players and signalling 

pathways that are also implicated in tumor progression and aggressiveness.  NIS expression levels and 

iodine uptake in DTC are reduced when compared to normal tissue (Lazar, V. et al.,1999; Espadinha, 

C. et al.,2009) and this downregulation has been associated with the over activation of several 

pathways linked to thyroid malignancy (Lakshmanan, A. et al.,2014). Among those stands out the 

MAPK/ERK and PI3K/AKT/mTOR pathways which have been shown to negatively impact NIS 

functional expression 

 

- MAPK/ERK pathway: 

 

MAPK/ERK pathway could be activated by receptor tyrosine kinase (RTK), G protein-coupled 

receptors (GPCR’s), and cytokines. It can then transduce extracellular signals into the cells and nuclei 

to induce biological responses including cell proliferation, differentiation, and apoptosis. Previous 

studies have demonstrated that increased activation of MAPK/ERK pathway, which is related with 

mutations of BRAF gene, is generally found in thyroid cancers (Vidal, A.P. et al.,2013; Leonardi, G.C. 

et al.,2012). These findings have suggested that BRAFV600E variation is closely associated with the 

development of PTC (Xing, M., 2007) The findings that BRAFV600E variation is associated with 

pathological features including bigger PTC diameter, multifocality, extrathyroidal invasion, and lymph 

node metastasis (Lim, J.Y. et al.,2013; Li, C. et al.,2012) have suggested BRAF mutation is closely 

associated with poor prognosis of PTC (Elisei, R. et al.,2012; Xing, M. et al.,2013; Fernandez, I.J. et 

al.,2013). MAPK pathway could also be regulated by upstream factors including receptor RAS 

oncogene, and RAF/ERK protein-serine/threonine kinases (Fig. 1.8). 

 

Numerous studies have reported an association of BRAFV600E with decreased or lost expression 

of NIS in PTC (e.g. Zhang et al.,2013), while others have shown that introduced expression of 

BRAFV600E in thyroid cells could induce the silencing of the NIS gene (e.g. Liu et al.,2007). BRAF 

V600E expression could also cause misallocation of NIS in the cytoplasm in addition to its decreased 

expression in thyroid cells (Riesco-Eizaguirre et al.,2006). In in vitro cell line assays, inhibition of the 

BRAFV600E/MEK pathway or silencing of BRAFV600E expression could restore the expression of 

NIS in thyroid cells (Liu et al., 2007), which provided important therapeutic implications for targeting 

the BRAFV600E/MAPK pathway to restore thyroid gene expression and radioiodine avidity of 

radioiodine- refractory TC (Fig. 1.9).  

 

In fact, in a trial with the inhibitor, Selumetinib, an increase in RAI uptake was observed in patients 

with RAI-refractory TC carrying MAPK activating mutation (Ho, A.L. et al.,2013). This illustrates the 

clinical relevance of targeting these pathways to enhance the efficacy of RAI therapy. However, many 

other studies using nuclear receptor agonists, inhibitors, demethylation agents and even tumor-targeted 

NIS gene therapy, have been less successful. In fact, despite of all the achievements in this area, no 

complete responses or improvement of overall survival have been demonstrated in TC for any tested 

agent (Spitzweg, C. et al.,2014). 

 

- PI3K/AKT pathway: 

 

 PI3K/Akt pathway is a very important intracellular signalling pathway for mammals, which is 

closely associated with cell proliferation, transformation, metabolism, motility, and development and 

progression of tumors (Hsieh, A.C.et al.,2011). Activated PI3K/Akt pathway could also activate other 

pathways including for example NF-κB pathways (Abbosh, P.H.et al.,2005; Burrows, N. et al.,2011; 
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Guigon, C.J. et al.,2009). PI3K-activated Akt could in turn phosphorylate a series of downstream target 

proteins including mammalian target of rapamycin (mTOR) to activate or inhibit their functions, which 

finally promote cell survival. Therefore, Akt has been regarded as an antiapoptotic regulator (Sale, E.M. 

et al.,2006). mTOR is also a member of PI3K protein kinase family and an important downstream 

molecular of PI3K pathway. PI3K/Akt/mTOR pathway could induce the development of tumor by 

promoting cell motility and angiogenesis (Fig. 1.8). RAS mutations are the second most frequent gene 

alterations in thyroid cancer, which also activates PI3K/Akt pathway (Liu, Z. et al.,2008; Abubaker, J. 

et al.,2008).Among other genetic alterations impacting the PI3K/Akt pathway include mutations of  

RTK, RAS, and phosphatase and tensin homolog (PTEN) deleted on chromosome 10 encoding genes, 

extra copies of phosphoinositide-3 kinase catalytic α (PIK3C A), phosphoinositide-3 kinase catalytic β 

(PIK3C B), 3-phosphoinositide-dependent kinase-1 (PDK1) encoding genes, and rearrangement of 

PPARγ/Paχ8 encoding gene (Liu, B. et al.,2012). 

 

Selective inhibitors of PI3K, significantly increase NIS mRNA expression in rat thyroid cells by 

stimulating its transcription. The PI3K inhibitors have the potential to increase RAI accumulation, (Liu 

et al.,2007) in some DTC tissues. Kogai, T. et al.,2008 also demonstrated that PI3K inhibition 

significantly increases iodide uptake in TSH stimulated and non-TSH stimulated FRTL-5 cells. These 

authors also verified that the effect of PI3K in NIS-expressing human papillary thyroid cancer cells was 

mimicked by an inhibitor of AKT, hence indicating a contribution of the canonical PI3K/AKT pathway 

(Fig. 1.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 -  Genetic alterations affecting MAPK/ERK and PI3K/AKT pathway in thyroid cancer. (adapted from Al-

Jundi et al., 2020). 
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Figure 1.9 – Altered MAPK/ERK and PI3K/AKT pathway affecting NIS expression. (A) Under normal conditions, 

expression of sodium-iodide symporter (NIS) is regulated through TSHR, resulting in stimulation of thyroid-specific 

transcriptional factors such as PAX8, wich promotes NIS transcription and its expression on the cell surface. (B) In thyroid 
tumor cells with hyperactive MAPK/ERK and PI3K/AKT signalling the NIS transcript is repressed, resulting in loss of its cell 

surface expression and RAI resistance. adapted from Al-Jundi et al.,2020). 

 

- NF-κB signalling pathway: 

 

The association between NF-κB and tumor development mainly relies on the fact that NF-κB could 

inhibit cell apoptosis (Pacifico, F. and Leonardi, A.,2010; DiDonato, J.A. et al.,2012) Previous studies 

have demonstrated that NF-κB pathway is activated in several malignancies including TC (Li, X. et 

al.,2013; Liu, J. and Brown, R.E., 2012). Specifically, for TC, NF-κB activation was found in PTC’s, 

FTC’s, and ATC’s, and it was suggested that activation of NF-κB could promote dedifferentiation of 

PTC’s and FTC’s and thus play important roles in each stage of TC (Li, X. et al.,2013; Liu, J. and 

Brown, R.E.,2012). BRAFV600E could increase the carcinogenicity of TC cells through NF-κB thus 

increasing the invasiveness of these cells (Palona, I. et al.,2006; Bommarito, A. et al.,2011). Yamashita 

et al 2013 suggested that mutations of BRAF and RAS genes and rearrangement of RET/PET gene could 

activate MAPK pathway, which in turn activate NF-κB pathway and increase the progression and 

invasiveness of PTCs. NF-κB could regulate the expression of matrix metallopeptidases (MMP’s) and 

IL-8 to allow cancer cells obtain invasiveness, which could then infiltrate surrounding tissues and 

metastasize to distant organs. Specifically, MMP’s could dissolve and damage extracellular matrix and 

thus increase the infiltration and metastasis of cancer cells (Komorowski, J. et al.,2002) Inhibition of 

NF-κB activation could affect the growth, apoptosis, and invasion of thyroid cancer cells (Bauerle, K.T. 

et al.,2010).  

 

Our group also demonstrated that RAC1b, a splice variant of a small GTPase RAC1, which has 

major importance in signalling cascades that controls cell proliferation, is a potent activator of NF-kB 

in thyroid tissue (Faria, M. et al, 2017). NF-kB dimers are held in the cytoplasm in an inactive form 

bound to the specific inhibitor (IkB). In response to stimuli, the IkB kinase (IKK) complex mediates the 

phosphorylation of IkB, inducing its degradation by the ubiquitin-proteasome pathway. This enables 

free, active NF-kB dimers to translocate to the nucleus and activate transcription of genes involved in 

several biological processes such as proliferation, migration and resistance to apoptosis (Xiao, G. et al, 

2006). RAC1b was previously shown to act as relevant player in the stimulation of cell cycle progression 

and cell survival through pathways involving NF-kB (Matos, P. et al,2005).   
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Interestingly Faria, M et al, (2020) also demonstrated that TNF-α mediated activation of NF-κB 

downregulates NIS expression in thyroid cells. It was also observed a similar effect when NF-κB 

activation was triggered independently of ligand-receptor specificity. This study shows that TNF-α 

downregulation of NIS expression was reverted when NF-κB-dependent transcription was blocked, 

demonstrating the requirement for NF-kB activity. Additionally, NF-κB was shown to have a negative 

impact on TSH-induced iodide uptake, consistent with the observed transcriptional downregulation of 

NIS. These data support the involvement of NF-κB-directed transcription in the modulation of NIS 

expression, where up- or down-regulation of NIS depends on the combined output of NF-κB activation 

by several converging pathways. 

 

- RAC1 and RAC1b: 

 

RAC1 is one of the members of the Rho family of small GTPases. Rho stands for RAS homologous 

and like RAS proteins, functions as molecular switches; they are active in the GTP-bound state and 

inactive in the GDP-bound state. The switching between the active and inactive forms is controlled by 

several accessory proteins: guanine nucleotide exchange factors (GEF’s), GTPase-activating proteins 

(GAP’s) and GDP-dissociation inhibitory factors. (Symons, M., 1996). RAC1 is a key intervenient in a 

wide variety of cellular processes, comprising actin remodelling, cell migration and cell cycle 

progression. (Ridley, A.J. et al.,2003; Vega, F.M. and Ridley, A.J., 2008). RAC1 is also implicated in 

cancer associated processes, including anchorage-independent growth, cell transformation, survival and 

invasion (Cerezo et al.2009; Bid et al.,2013; Moshfegh et al.,2014). Under normal conditions RAC1 

activity is controlled by the opposing activities of GEFs (which exchange GDP for GTP and activate 

RAC1), and GAP (which stimulate the conversion of bound GTP to GDP and inactivate RAC1) (Ridley, 

A.J., 2001). 

 

In 1999, the RAC1 spliced isoform, RAC1b, was described by Jordan and colleagues. This isoform, 

results from an in-frame insertion of 19 amino acid residues immediately C-terminal to the “switch II” 

domain (residues 60-76) within the reading frame of the GTPase, due to its 57 additional nucleotides 

(Matos, P. et al.,2000).These extra nucleotides result from an alternative splicing mechanism, carried 

out by the spliceosome, a massive structure and a wide number of auxiliary proteins cooperating to 

accurately recognize the splice sites and catalyse de splicing reaction (Fig.1.10) (Zhou et al.,2013) 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
Figure 1.10 - Schematic representation of the antagonistic activities of RAC1 and RAC1b on NIS expression. (adapted 

from Faria, M. et al., 2019). 
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Comparably to RAC1, RAC1b presents its self predominantly in a GTP-bound active form, due to 

an accelerated GDP/GTP exchange activity (Matos, P. et al.,2003). These features render this protein 

predominantly in its active state, granting it important tumorigenic properties. 

 

 In a study by Kogai, T. and Brent, G.A. (2012), using MCF-7 cells, RAC1 was shown to have the 

ability to stimulate NIS expression. RAC1b, on the other hand, was shown to be overexpressed in a 

number of papillary thyroid carcinomas, carrying the activating mutation BRAFV600E, with 

unfavorable outcome (Silva, A.L. et al.,2013). Notably, it was shown that while hyperactive, the RAC1b 

variant has a very selective downstream signalling (Matos, P. et al.,2003) and may even compete with 

and inhibit RAC1 endogenous activity in signalling pathways where RAC1b does not participate 

(Matos, P. et al.,2003). In fact, antagonistic effects of RAC1 and RAC1b on NIS transcriptional 

regulation have been recently reported by our group (Faria, M. et al 2019). 

 

1.10 NIS in radioiodine treatment 

 

RAI therapy for thyroid diseases relies in the fact that thyroid follicular cells and DTC are more 

efficient at trapping circulating RAI than other tissues (Ahn, B.C. et al.,2011). RAI treatment has been 

the most preferred therapeutic approach to hyperthyroidism in the United States of America and it has 

been one of the key treatments for DTC´s worldwide (Cooper, D.S. et al.,2009; Bahn Chair RS. et 

al.,2011). However, RAI treatment is not very effective in de-differentiated thyroid cancer, in which 

NIS expression is downregulated, and is irrelevant in ATC and MTC, which do not express NIS 

(Verburg, F.A. et al.,2011; Oh, S.W. et al.,2011). 

 

Several attempts have been made in order to increase NIS expression through the manipulation 

of MAPK/ERK and PI3K/AKT pathways. For example, the use of inhibitors, like Selumetinib, have 

shown a meaningful increase in RAI uptake in patients with RAI-refractory TC carrying MAPK 

activating mutations (Ho, A.L. et al, 2013). Other inhibitors have also been used, like nuclear receptor 

agonists, other kinase inhibitors, histone deacetylase inhibitors, demethylation agents, and even tumor-

targeted NIS gene therapy, however with less success (Spitzweg, C. et al,2014). This may be due to the 

fact that NIS abundance in the plasma membrane is diminished in RAI-refratory TC and due to the fact 

that the majority of the attempts made are essentially focused on the upregulation of NIS at the 

transcriptional level (Kogai T. and Brent, G.A. 2012). In fact, NIS membrane targeting was shown to 

be diminished in several TC models, even in the presence of abundant NIS mRNA levels (Dohan, O. et 

al,2001; Wapnir, I.L. et al,2003). This means that NIS posttranslational processing, delivery and 

retention at the membrane is crucial in the efficiency of RAI uptake. However little is known about these 

processes (Dohan, O. et al,2003) despite knowing that TSH is crucial for NIS posttranslational 

regulation, by increasing its expression, stability and trafficking. Yet, the molecules mediating these 

effects remain uncharacterized. In truth, very few putative binding partners of NIS have been reported.  

 

Of note, NIS was found to associate at the plasma membrane with the PBF, which has been 

implicated in the recruitment of ubiquitin ligase (Read, M.L. et al,2014). Consistent with a role for 

ubiquitination in the destabilization and internalization of NIS from the plasma membrane, this 

association was shown play a crucial part in diminished NIS plasma membrane abundance (Piper, R.C. 

et al,2014; Smith, V.E.et al,2013). 

     

NIS is also expressed in lactating breast, and in 70%-80% of BC (Tazebay, U.H. et al,2000; 

Poole, V.L. and MacCabe, C.J. et al,2015), however its expression is very low, so the use of RAI is not 
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effective (Moon DH. et al,2001). Similar of what happen in TC, NIS expression in BC is high in 

intracellular compartments but low in the plasma membrane (Wapnir, I.L. et al,2003; Kogai T. el 

al,2004). 

 

 In summary, strategies directed to upregulate NIS expression at mRNA/protein level will 

probably not be effective enough if posttranslational regulation does not promote plasma membrane 

traffic and retention. Therefore, additional strategies that promote posttranslational stimulation of NIS 

to enhance the functional expression of the available NIS and increase the efficacy of RAI therapy may 

be of great clinical relevance in refractory TC. For this, the development of cellular models that allow 

the evaluation of NIS expression in response to different stimuli is very important, also as the capability 

of following NIS since its production to its delivery and retention in the plasma membrane. 
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2. Aims  
 

In order to improve NIS membrane abundance and stability, which could provide an additional 

level of therapeutic intervention to enhance RAI, the impact of signalling pathways representative of 

tumor progression and aggressiveness in NIS delivery and retention at the plasma membrane should be 

addressed. The optimal output for this study will be the successful establishment of tagged-NIS cell 

lines and assessment of its functional integrity, which will further allow functional validation of 

molecular targets to enhance NIS functional expression and iodide uptake efficiency. 

 

The present work will focus in the development of experimental cell systems which will further 

allow functional validation of molecular targets to enhance NIS functional expression and iodide uptake 

efficiency. Specifically, NIS -expressing cell lines will be established, and its functional integrity will 

be assessed. These cell systems will be engineered to express a fully functional NIS protein containing 

the fluorescent CFP (cyan fluorescent protein) tag at its cytoplasmic tail, while preserving the integrity 

of the C-terminal regulatory elements. This will allow the specific detection of NIS from its biosynthesis 

to its delivery and retention at the plasma membrane, the comparison of diverse cellular systems, despite 

having distinct levels of endogenous NIS expression, and will avoid potential interferences resulting 

from NIS transcriptional regulation. 
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3. Materials and Methods 

 
3.1 Generation of expression vectors 

 

The plasmid containing the NIS coding sequence was purchased from Genescript (pSLC5A5; 

ID: 6528). The insertion of a triple HA protein tag in the 4th extracellular loop of NIS (NIS-HA), had 

previously been carried out. NIS-HA coding sequence was then subcloned into PeCFP-N1 expression 

vector (Clontech) (See Appendix Figure 7.1) in order to obtain a construct with the CFP inserted 

downstream of the cytoplasmic tail of NIS (NIS-HA-CFP). Two additional constructs, NIS-HA-CFP-

Cter and NIS-HA-CFP-pre-Cter were subsequently generated from the NIS-HA-CFP backbone.  

 

In order to obtain the several CFP-tagged NIS-HA constructs, NIS-HA coding sequence was 

amplified by PCR (polymerase chain reaction) using primers with linkers for NheI and HindIII 

restriction sites (primers: link Nhe 5´ CTAGCTAGCATGGAGGCCGTGGAGACCG  and link 

Hind III 5´ CCCAAGCTTGAGGTTTGTCTCCTGCTGGTC). The C-terminal portion of the NIS-HA 

was also amplified by PCR using primers with linkers for BsrGI and NotI restriction sites (primers: link 

BsrGI 5´  GAGCTGTACAAGATCTCCTATCTCTATTACGGTGC and link NotI 5´ 

GCGGCCGCTCAGAGGTTTGTCTCCTGCTGG). PCR mixes were similar for both amplicons, 

containing 12,5 µl of PCR master mix from KAPA2G Fast ReadyMix PCR Kit (KAPABIOSYSTEMS, 

KR0374) and 1,25 µl of both forward and reverse specific primers (10 µM), along with 50 ng of plasmid 

DNA and H2O up to 20 µl. The thermal cycle profile is depicted in table 2.1. 

Table 2.1 – Amplification PCR conditions. 

Stage Temperature ºC Time 

Initial denaturation 95 ºC 3 min 

Denaturation 95 ºC 15 s 25 cycles 

Annealing 65 º C 15 s 

Elongation 72 ºC 15 s 

Final elongation 72 ºC 4 min 

Inactivation and cooling 4ºC ∞ 

 

For the production of the NIS-HA-CFP protein construct, the PeCFP-N1 vector was digested 

with the restriction enzymes NheI and HindIII in order to insert the NIS-HA amplified coding sequence. 

In the NIS-HA-CFP-Cter protein construct, the NIS-HA-CFP construct was used as template. The C-

terminal previously amplified was inserted in an intermediate PeCFP-N1 vector, after its digestion with 

BsrGI and Not I. Then, the NIS-HA-CFP protein construct was digested with HindIII and Not I and the 

sequence containing the fluorescent CFP-tag and C-terminal was inserted, after being removed from the 

intermediate PeCFP-N1 vector. To produce the NIS-HA-CFP-pre-Cter, the NIS-HA-CFP protein 

construct was also used as template. In this case the NIS-HA-CFP protein construct was digested with 

NheI and HindIII restriction enzymes, and NIS-HA without its C-terminal was inserted in this location.  

The insertions were made using the QUICK LIGATIONTM KIT (BioLabs) and the restriction enzymes 

used were from ThermoFisher ScientificTM 

 

PCR or restriction products were resolved by electrophoresis on a 1% or 2% (w/v) agarose gel 

in 1X Tris-borateEDTA (TBE) buffer (diluted from 10X TBE, GB12.0510, GRiSP Research Solutions) 

and stained with 0.05% (v/v) ethidium bromide (See Appendix Table 7.1). DNA fragments were 

visualized under UV light and image acquired in a gel documentation system (VWR™). 



  

 
 

19 
 

Gel-purification of DNA fragments from agarose gels after electrophoretic separation was 

performed when required using the NZYGelpure Kit (NZYTech Genes & Enzymes, MB01102) through 

the protocol for DNA purification from agarose gels. 

 

Bacterial transformation with the several constructs was performed, using DH5alfa bacteria 

(NZYTech Genes and Enzymes). These are chemically competent  E.coli cells engineered to 

maximize transformation efficiency. For the transformation procedure, 50 µl of competent cells were 

mixed with 1-5 µl of the plasmid constructs and incubated on ice for 30 min. Then, cells were heat-

shocked for 45 seconds at 42ºC followed by a 2 min incubation on ice. Then, 250 µl of SOC medium 

(super optimal broth with catabolite repression) (NZYTech Genes and Enzymes) was added to the 

bacterial suspension and incubated for 1 hour at 37ºC. After the incubation, 150 µl of the bacterial 

suspension was plated on LB agar plates using kanamycin as a selection agent (20 ml LB agar + 

kanamycin (10 µl per plate)). The antibiotic resistant clones were screened by PCR using specific 

primers. The selected positive clones were then amplified in a LB liquid medium miniculture, with the 

same antibiotic. Plasmid DNA extraction from minicultures was performed using the Plasmid DNA 

Minipreps Kit (Easy Spin®, SP-PMN). 

 

3.2 Sequencing 

 

  Sanger sequencing method was used to confirm the sequence integrity of the constructs 

generated. For this, 300 ng of each plasmid DNA was mixed with 4 µl of Big Dye (mix with ddNTP´S 

labelled with fluorescent dyes) (Apllied Biosystems™), 0,4 µl of the primer of interest (ThermoFisher 

Scientific™) and H2O to a final volume of 20 µl. The thermal cycling profile depicted in table 2.2 was 

used. 

Table 2.2 – Sequencing PCR conditions. 

Stage Temperature ºC Time 

Initial denaturation 96 ºC 3 min 

Denaturation 96 ºC 10 s 25 cycles 

Annealing 50 º C 5 s 

Elongation 60 ºC 4 min 

Inactivation and cooling 4ºC ∞ 

 

3.3 Cell culture and transfection 

  

In the present study, we used the available commercial cell lines HEK293 and TPC-1. These 

two cell lines are semi-adherent (HEK293) and adherent (TPC-1). The TPC-1 cell line is derived from 

human papillary thyroid carcinoma and is characterized by having a RET/PTC rearrangement. HEK293 

is a non-malignant cell line derived from embryonic human kidney. Both cell lines were maintained at 

37ºC in a humidified environment with a 5% CO2 atmosphere. When cells reached confluence of about 

80-100%, they were washed with Dulbecco´s phosphate buffered saline 1x (DPBS1x, Lonza), detached 

by incubation at 37ºC, for 1 minute, with 0,05% trypsin-ethylenediamine tetraacetic acid (trypsin-

EDTA, Gibco) and subcultured in a new flask. HEK293 cells were cultured in Dulbecco´s modified 

eagle medium (DMEM, Gibco) supplemented with 10% (v/v) FBS (fetal bovine serum) and TPC-1 were 

cultured in RPMI (Gibco) supplemented with 10% (v/v) FBS. 

 

Transfections of NIS-HA-CFP, NIS-HA-CFP-Cter and NIS-HA-CFP-pre-Cter were performed 

using LipofectamineTM 3000 (Invitrogen), according to the manufacturer´s instructions. The PeCFP-N1 

https://en.wikipedia.org/wiki/Transformation_(genetics)
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empty vector and NIS-HA (without CFP tag) constructs were used as mock controls when appropriate. 

Just before transfection, cells seeded in 6 or 8 well-plates at 70-80% confluence were fed with new fresh 

complete DMEM (HEK293) and RPMI medium (TPC-1) and transfected with 2,0 µg and 200 ng of 

total plasmid DNA, respectively. 

 

3.4 Protein extraction, SDS Page and Western Blotting  

 

Protein extracts were obtained from cell lysates by using laemmli lysis buffer (See Appendix 

Table 7.2). 

 

The proteins were separated in a sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) that consisted in two distinct gels: a lower (resolving) and an upper (stacking) gel (See 

Appendix Table 7.3). The electrophoresis was carried in 10% polyacrylamide glycerol-containing gels 

in SDS-PAGE buffer at 150v for 1h. The protein bands were then transferred to a PVDF membrane 

(polyvinylidene fluoride membrane; BIO-RAD), previous activated with methanol, using blot buffer and 

a blot electrophoresis transfer cell (BIO-RAD) for 1.30h at 300mA. Then, membranes were stained with 

coomassie blue and washed: firstly, with a destain solution and then with tris-buffered saline 0.05% 

triton x-100 (TBST) (See Appendix Table 7.4). Membranes were blocked in blocking buffer (20 mM 

Tris–HCl, pH 7.6, 140 mM NaCl, 0,05 % (v/v) Triton X-100, 5% skim milk powder) and probed with 

primary mouse anti-HA (1:500, Roche) or rabbit anti-HA (1:500, SIGMA), rabbit anti-GFP (1:2000, 

ABCAM) and mouse anti-PCNA (1:2000, MERCK) diluted in TBST Milk. Detection was carried out 

using HRP-conjugated secondary antibodies (anti-mouse or anti-rabbit, accordingly) diluted in TBST 

Milk in 1:5000 dilution. The Immunoreactive bands were detected by chemiluminescence using ECL 

(enhanced chemiluminescence) Western blotting substrate (See Appendix Table 7.4) followed by 

exposure and image acquisition in Curix 60 (AGFA HealthCare).   

 

3.5 Fluorescence microscopy 

 

Analysis and detection of total NIS-HA protein constructs was accomplished by fluorescence 

microscopy. For this purpose, HEK293 transfected cells were seeded on 8 well µ-Slide (IBIDI). Then, 

cells were washed with PBS 1X (phosphate buffered saline; Lonza) and fixed in PFA 4% during 30 

minutes at room temperature. Then, cells were permeabilized using PBS with 0,5% (v/v) Triton X during 

15 minutes. After this, cells were washed with PBST (PBS+Triton (0,01%)) and stained with phalloidin-

TRITC at 1:500 dilution during 30 minutes. For the particular case of NIS-HA (CFP-untagged) detection 

was performed using mouse anti-HA Ab at 1:100 dilution (Roche) for 1h followed by anti-mouse Alexa 

Fluor 488 secondary Ab at 1:500 dilution (Thermo Fisher ScientificTM) for 30 min. Then cells were 

washed with PBST three times and fixated again with PFA 4% during 15 minutes. Images were acquired 

on a Zeiss widefield fluorescence microscope. 

For specific detection of membrane associated NIS-HA protein constructs, HEK293 and TPC-

1 cells were gown on 8 well µ-Slide (IBIDI). For this purpose, cells were rinsed on ice with cold PBS-

CM (PBS, pH 8.0, containing 1 mM CaCl2 and 1 mM MgCl2) and incubated with rabbit anti-HA Ab at 

1:100 dilution (SIGMA) in PBS-CM for 1 h at 4 °C, without permeabilization. Then cells were washed 

three times with ice-cold PBS-CM and incubated with anti-rabbit Alexa Fluor 532 secondary Ab at 

1:500 dilution (Thermo Fisher ScientificTM) for 1 h at 4 °C. The cells were again thoroughly washed in 

PBS and then fixed with 4% formaldehyde for 15 min. Images were acquired on a Leica TCS-SPE 

confocal microscope. 
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3.6 Biotinylation  

In order to address the residency of proteins derived from different NIS constructs at the plasma 

membrane of the transfected cells, cell surface protein biotinylation technique was used. Cells were 

seeded and transfected in six well plates. Twenty-four hours after transfection cells were incubated at 

4ºC to pause membrane trafficking and then were washed 3 times with cold PBS-CM. Then, the cells 

were incubated during 30 minutes with biotin solution (0.5 mg/mL in PBS-CM). After that, the cells 

were washed 3 times with TRIS-Q, and incubated 15 minutes in this solution. The cells were washed 3 

times with PBS-CM and then lysed with PD lysis buffer in the presence of protease inhibitors. Then, 

the streptavidin-agarose beads previously blocked with milk and washed 3 times with PD buffer were 

added to the lysates. Finally, beads were pulled-down 1 minute at 6.000 rpm and the supernatant 

discarded. Pellets were washed 3 times with Wash buffer, dried and resuspended in Sample buffer 2x + 

DTT. (See Appendix Table 7.5 for biotinylation solutions composition).  
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4. Results 

 

4.1 Generation of CFP-tagged NIS-HA constructs 

 

The chosen cloning strategy was based on the PCR amplification of the coding sequences of 

NIS-HA and of NIS cytoplasmic C-terminal domain using PCR primers, in which selected restriction 

enzyme recognition sites were added to their ends. This allowed to create recognition sites on the PCR 

fragment and subsequently subclone it to the desired plasmid in a specific position and orientation. This 

was the first and a very important step, once only after the amplifications were successful, it was possible 

to start the synthesis of the protein CFP-tagged NIS-HA constructs (Fig. 4.1). PCR products obtained 

were then digested and ligated into the receptor plasmids to obtain the final constructs. The schematic 

representations of the protein constructs generated are represented in Fig. 4.2 A and B respectively. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 – Screening electrophoresis of the amplification of NIS-HA and NIS-HA´s C-terminal coding sequences. (A) 

NIS-HA coding sequence amplified using 5´Nhe and 3´HindIII; The amplification is observed around the 2000bps. WM: DNA 

molecular weight marker Lambda DNA/HindIII (B) NIS-HA´s C-terminal coding sequence amplified using 5´BsrG1 and 3´Not 
1; The amplification is observed around the 400 bps Both mock controls are cleared. WM: DNA molecular weight marker 

GeneRuler 50 bp DNA Ladder. No amplification was observed in no template controls. 
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Figure 4.2 – Schematic representations of the CFP-tagged NIS-HA protein constructs. (A) Coding domains (B) Protein 

structure. 

 

 

4.2 Levels of expressions of CFP-tagged NIS-HA constructs 

  

The expression levels of the newly developed CFP-tagged NIS-HA constructs were firstly 

evaluated in HEK293 cells. This cell line was chosen to make a first assessment of constructs' expression 

since considerably high expression rates can be achieved with transiently transfected HEK293 cells. 
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Thus, constructs were transiently expressed in this cell line and protein levels were assessed by Western 

Blot. Due to the presence of both CFP and triple HA protein tags in the newly developed protein 

constructs, Western blot were performed using both primary anti-HA and anti-CFP antibodies. Although 

we observed protein expression from all the constructs tested, we found that the expression levels of 

NIS-HA-CFP-pre-Cter were the lowest of the three (Fig. 4.3). Confirming the specificity of the test, we 

further observed that NIS-HA (lacking the CFP tag) was only detected using the primary anti-HA 

antibody and the PeCFP-N1 empty vector (lacking the HA tag) was only detected using the primary 

anti-CFP antibody. Detection of PCNA antibody was used as loading control (Fig. 4.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 – CFP-tagged NIS-HA constructs´ total expression levels in HEK293 cells. Western blot analysis using anti-
HA and anti-CFP antibodies in 1:500 and 1:2000 dilution, respectively. NIS-HA-CFP-pre-Cter showed the lowest level of 

expression of the three constructs. NIS-HA (CFP untagged) showed expression only when using anti-HA antibody.  

 

 

Then, we addressed whether the differences in total protein expression levels translated into 

similar differences in terms of the membrane-associated protein fractions. We started by assessing 

plasma membrane abundance of the newly developed CFP-tagged NIS constructs in transiently 

transfected HEK293 cells using a cell surface protein biotinylation assay (see methods). 

 

 We observed that the tested CFP-tagged NIS constructs were pulled down with the membrane 

associated protein fraction (PD). The amount of CFP-tagged NIS-HA proteins at the cell surface, 

however, was lower compared with control NIS-HA (without CFP tag). Among the three constructs 

tested, NIS-HA-CFP-Cter appears to be that with the highest expression at the plasma membrane, 

despite showing lower expression levels in comparison with NIS-HA-CFP, when total protein was 

analyzed. NIS-HA-CFP-pre-Cter, on the other hand, despite having the lowest total protein expression, 
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considerable levels of protein are still observed in the membrane-associated protein fraction. In addition, 

neither NIS-HA in the negative control (without biotin) nor PCNA (which has a cytoplasmatic location) 

were present in relevant levels in the PD fractions, confirming the assay specificity (Fig.4.4). 

 

To address the behaviour of CFP-tagged NIS-HA constructs in a malignant thyroid context the 

same procedure was followed for TPC-1 cells. Western blot detection of CFP-tagged NIS-HA proteins 

was performed using anti-HA antibody and non CFP-tagged NIS-HA was used as positive control of 

cell surface residency. Interestingly, in this cellular system, NIS-HA-CFP-Cter was the one with highest 

expression in terms of total protein (PT), which also translates into the highest cell surface expression 

(PD). With regard to NIS-HA-CFP-pre-Cter, based on this assay, its presence at the cell surface was 

inconclusive, since its level of expression in this cell model seemed to be extremely low, precluding its 

detection by Western blot even through total protein analysis (PT) (Fig. 4.4). 

 

 

 

 

 

 

Figure 4.4 – NIS-HA protein constructs´ total (PT) and plasma membrane (PD) expression levels in HEK293 and TPC-
1 cells. Western blot analysis using anti-HA at a 1:500. The levels of expression were lower at TPC-1 cells both in total and in 

plasma membrane, being NIS-HA-CFP-Cter the one with the highest expression (A) NIS-HA protein constructs levels of 

expression in HEK293 cells; (B) NIS-HA protein constructs levels of expression in TPC-1 cells.  
 

 

4.3 Fluorescence Microscopy 

 

Next, we addressed the expression and cellular localization of the newly developed CFP-tagged 

NIS-HA constructs by fluorescence microscopy in HEK293 cells. Labelling of F-actin with phalloidin-

TRITC was used to observe cell morphology, particularly, to identify the cell cortex (actomyosin cortex) 

in the inner face of the cell membrane. Non-CFP-tagged NIS-HA was also included as control for NIS 

location at the plasma membrane. In this case, given the absence of the fluorescent tag, the detection 
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was done using an anti-HA primary antibody followed by Alexa Fluor 488-conjugated secondary 

antibody (Fig. 4.5).  As expected from the Western blot analysis, NIS-HA-CFP appeared to be, among 

the newly developed constructs, the one with the highest expression, followed by NIS-HA-CFP-Cter 

and then NIS-HA-CFP-pre-Cter. It should be noted that all CFP-tagged constructs showed lower levels 

of expression than the control without the CFP tag. It is also worth noting that NIS-HA-CFP, despite 

being the most expressed, seemed to have a distinct cellular distribution compared to the other NIS 

constructs. In fact, NIS-HA-CFP showed an accumulation in what seems to be the perinuclear region 

with low staining observed at the cortical region. On the other hand, NIS-HA-CFP-Cter showed to co-

localize with phalloidin in define regions at the periphery of the cell. In this case no accumulation at the 

perinuclear region was observed.  Finally, NIS-HA-CFP-pre-Cter staining was not conclusive in terms 

of perinuclear region accumulation. However, localization at the periphery of the cell was observed (Fig. 

4.5). To clarify whether the staining observed at the periphery of the cell could actually result from the 

presence of CFP-tagged NIS-HA constructs at the plasma membrane, we took advantage of the 

extracellular location of the HA tag (which was inserted in the 4th extracellular loop of NIS) to confirm 

its presence at the cell surface. The extracellular HA tag would thus allow the analysis of NIS surface 

abundance and retention by direct immunofluorescence labelling of membrane-resident NIS-HA (either 

CFP-tagged or untagged) in intact cells. Briefly, CFP-tagged NIS-HA constructs present at the cell 

surface were selectively labelled with anti-HA primary antibody (followed by Alexa Fluor 532-

conjugated secondary antibody) in non-permeabilized cells (only extracellular HA-tags are recognized 

by the antibody). Under these experimental conditions, a specific staining was observed at the cell 

periphery likely resulting from the presence of the CFP-tagged NIS-HA constructs at the cell surface. 

We also observed that cell-surface stainings of CFP-tagged NIS-HA constructs appeared to be weaker 

than the observed for NIS-HA (CFP-untagged), particularly in TPC-1 cells.  Regarding NIS-HA-CFP, 

the CFP-tagged construct showing highest expression, a strong staining at the cell surface was observed 

despite the accumulation in the perinuclear region observed in the previous assessment (Fig 4.6). 
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Figure 4.5 – Fluorescence analysis of CFP-tagged NIS-HA constructs in HEK293 cells. CFP-tagged NIS-HA constructs 

expression and localization was observed using CFP fluorescence. Labelling of F-actin with phalloidin-TRITC was used to 

show the overall shape and structure of the cell, particularly the cortex in the inner face of the cell membrane. Non-CFP-tagged 

NIS-HA was included as control of NIS location at the plasma membrane and its detection was done using an anti-HA primary 
antibody followed by Alexa Fluor 488-conjugated secondary antibody. Total magnification 200x.   
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Nevertheless, NIS-HA-CFP-Cter, despite having a lower level of expression, also showed a strong 

staining at the cell surface. In TPC1, in particular, NIS-HA-CFP-Cter processing and trafficking towards 

the cell surface seemed more effective than NIS-HA-CFP. On the other hand, the NIS-HA-CFP-pre-

Cter showed a very weak staining at the cell surface, being almost undetectable in TPC-1 cells (Fig. 
4.6). 

 

 
 

Figure 4.6 – Detection of membrane associated CFP-tagged NIS-HA constructs in (A) HEK293 and (B) TPC-1 cells. 

The presence of extracellular HA-tag in CFP-tagged NIS-HA constructs allows its selective detection at the plasma membrane 

of intact cells. Cells expressing NIS-HA constructs, were incubated on ice with rabbit anti-HA to immunolabel only 

extracellularly HA-tagged NIS proteins at the PM. Cells were then thoroughly washed and fixed. CFP-tagged NIS-HA within 

the whole cell was detected through CFP labelling. For NIS-HA (without CFP-tag), cells were then permeabilized with 0.5% 

TX-100, followed by incubation with mouse anti-HA to label NIS within the whole cell. Mouse anti-HA was detected with 

goat anti-mouse Alexa 488 and rabbit anti-HA detected with goat anti-rabbit Alexa 532. Shown are representative confocal 

microscopy images of the described immunofluorescence stainings. Total magnification 400x. 
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5. Discussion 

 
Thyroid cancer is the most common endocrine malignancy in the world (Kondo et al.,2006). 

The initial therapeutic approach for thyroid carcinoma is surgery, but RAI therapy is also a very common 

treatment and is used to ablate remaining lesions or metastases after total thyroidectomy (Durante et al., 

2006). This therapy depends highly on NIS abundance and expression in the plasma membrane of these 

thyroid tumors. However, NIS expression is diminished in TC and therefore iodide transport is also low 

when compared with normal thyroid (Kogai, T. et al.,2006). The abnormalities in NIS transport and 

delivery to the plasma membrane in TC will reduce the effect of RAI therapy. Therefore, it is very 

important to understand more about the regulation and mechanisms of NIS trafficking to the plasma 

membrane in order to improve NIS mediated RAI therapy. The establishment of tagged-NIS cell lines 

and assessment of its functional integrity, will further allow the functional validation of molecular 

targets to enhance NIS functional expression and iodide uptake efficiency, increasing the efficacy of 

radioiodide therapy. 

       

It is physiologically essential for the accumulation of iodide from the bloodstream into thyroid 

follicular cells that NIS is expressed at the basolateral plasma membrane of the thyroid follicle. In this 

study, our group developed three CFP-tagged NIS-HA constructs that may allow the specific detection 

of NIS from its biosynthesis to its delivery and retention at the plasma membrane. These constructs may 

also be useful for the comparison of NIS processing and membrane trafficking in diverse cellular 

systems, despite having distinct levels of endogenous NIS expression, since potential interferences 

resulting from NIS transcriptional regulation will be avoided. We showed that all the newly developed 

constructs were expressed in the two cell lines tested, being also able to reach the cell surface, which 

was one of our main goals. However, in HEK293 and TPC-1 cells the abundance at the plasma 

membrane of the CFP-tagged NIS-HA constructs turned out to be very low, even when total expression 

was high. Since this was observed in both malignant and non-malignant cell systems, we hypothesized 

that the low abundance of CFP-tagged NIS constructs in the plasma membrane may be due to failures 

in post-translational processing, which in turn may be related to the presence of the CFP in the NIS C-

terminal domain. In fact, the C-terminal domain of NIS has several phosphorylation sites, ligation sites, 

as well as other important motifs for NIS sorting and delivery to the plasma membrane (Fanning, A.S. 

and Anderson, J.M.,1999; Tan, P.K. et al.,1998; Dietrich, J. et al.,1997) and the presence of the CFP tag 

could somehow interfere with the recognition and proper folding of these key motifs. In fact, in TPC-1 

in particular, NIS-HA-CFP-Cter appeared to be the most abundant at the cell surface. In this construct, 

the C-terminal domain of NIS was duplicated, which might be contributing to the preservation of C-

terminal´s regulatory elements and therefore to an enhanced membrane trafficking and retention, in 

comparison to the other two constructs tested. The possibility that NIS membrane trafficking is subjected 

to specific regulatory processes is supported by NIS protein being expressed in tissues other than thyroid. 

Considering different tissue specific iodide requirements, NIS expression in different tissues also 

displays different membrane expression patterns in polarized cells (e.g basolateral vs apical 

localization). Therefore, uncharacterized factors, other than the NIS sequence may regulate NIS sorting 

to the plasma membrane, and these may be affected by the presence of the CFP tag. 

 

  While the establishment of the CFP-tagged NIS-HA constructs was successfully accomplished, 

more studies are needed in order to evaluate their functional expression. In fact, due to the impact of 

Covid-19 pandemics that resulted in the lock down of FMUL laboratory from March 2020 to June 2020, 

causing a delay in experimental plan and expected results, we were not able to perform some of the 

studies and assays previously planned, particularly, the functional validation of the constructs 
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developed. An extremely relevant assay for this purpose would have been the iodide influx assay, that 

allows the evaluation of the capacity of the newly synthetize CFP-tagged NIS-HA constructs to uptake 

iodide into the cells. So, in future studies, this will be evaluated using the YFP-based, non-radioactive, 

iodide influx assay. The cellular models to be used will be modified to constitutively express the yellow 

fluorescent protein YFP-H148Q/I152L, a halide sensitive mutant that is quenched by iodide (Y-cells). 

This fluorescent sensor enables rapid changes in iodide intracellular concentration to be monitored by 

live cell. The iodide influx will be assayed by recording cell fluorescence after exposure to a high iodide 

concentration. Iodide influx through NIS will cause the quenching of YFP decreasing cell fluorescence 

recordings in comparison to initial values, before iodide addition. The assay can be used to monitor 

either overall influx in a cell population, using microplate readers, or to follow single cell responses by 

time-lapse microscopy. This will be important to assess dose-dependent effects of candidate targets for 

therapeutic intervention. Thus, the selected CFP-tagged NIS-HA constructs will be used to establish cell 

models stably expressing CFP-tagged NIS-HA proteins. These will then be pharmacologically targeted, 

either directly or through known protein and pathways modulators. This will allow the evaluation of 

NIS functional expression upon different conditions and identify those able to increase its maturation, 

trafficking and abundance at the plasma membrane and, ultimately, to be used to enhance the uptake of 

iodide by TC cells. It will also be interesting to study the impact of RAC1 in NIS trafficking to the 

plasma membrane. It has been shown that RAC1 has a pivotal role in the regulation of the plasma 

membrane abundance of several ion channels such as chloride channels (Moniz S. et al 2013) and the 

epithelium sodium channel (Karpushev AV. et al 2011). Also, previous studies from our group have 

implicated RAC1 in the enhancement of NIS expression at the transcriptional level. It remains to be 

determined whether it will also impact NIS trafficking to the plasma membrane 

 

In conclusion we could say that NIS-HA-CFP appeared to be, among the newly developed 

constructs, the one with the highest expression, followed by NIS-HA-CFP-Cter and then NIS-HA-CFP-

pre-Cter. All CFP-tagged constructs showed lower levels of expression than the control without the CFP 

tag. It is also worth noting that NIS-HA-CFP seemed to have a distinct cellular distribution comparing 

to the other NIS constructs. NIS-HA-CFP showed an accumulation in what seems to be the perinuclear 

region while NIS-HA-CFP-Cter showed to be in defined regions at the periphery of the cell. On the 

other hand, NIS-HA-CFP-pre-Cter staining was not conclusive in term of perinuclear region 

accumulation, however, localization at the periphery of the cell was observed. In terms of NIS surface 

abundance and retention, specific staining was observed at the cell periphery likely resulting from the 

presence of the CFP-tagged NIS-HA constructs at the cell surface. We also observed that cell-surface 

stainings of CFP-tagged NIS-HA constructs appeared to be weaker to that of NIS-HA (CFP-untagged). 

NIS-HA-CFP and NIS-HA-CFP-Cter, despite having different levels of expression, showed a strong 

staining at the cell surface, however, NIS-HA-CFP-Cter processing and trafficking towards the cell 

surface seems more effective. The NIS-HA-CFP-pre-Cter showed a very weak staining at the cell 

surface. Despite these results, it remains to be determined which of the constructs should be selected 

considering their functional expression, since more studies would be needed to reach this conclusion. 
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7. Appendixes 

 

Figure 7.1 – Map and multiple cloning sites of the PeCFP-N1 vector. Human cytomegalovirus (CMV) immediate early 
promoter: bases 1–589; MCS: bases 591–671; Enhanced cyan fluorescent protein (ECFP) gene: bases 672-1398; SV40 early 

mRNA polyadenylation signal: bases 1552–1557 and 1581–1586; f1 single-strand DNA origin: bases 1649–2104; Bacterial 

promoter for expression of Kanr gene: –35 region: bases 2166–2171; –10 region: bases 2189–2194; SV40 origin of replication: 

bases 2445–2580; Kanamycin/neomycin resistance gene: bases 2629-3423; Herpes simplex virus (HSV) thymidine kinase 
(TK) polyadenylation signals: bases 3659–3664 and 3672–3677; pUC plasmid replication origin: bases 4008–4651. (adapted 

from PeCFP-N1 vector information, PT3285-5 Catalog #6900-1, BD Biosciences Clontech).  
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Table 7.1 – Agarose Gel Composition. 

2% Agarose Gel  

120 ml 1x TBE buffer  

1,2g Agar 

3 ml 0.05% (v/v) ethidium bromide   

  

 

 

Table 7.2 – Lysis Buffer Composition. 

Lysis Buffer   

Modified Laemmli Buffer 2x 

1U/µL Benzonase (Sigma) 

2mM MgCl2    

    

  

 

Table 7.3 – SDS-PAGE Gels Composition. 

SDS-PAGE Gels   

 

Stacking gel 4%: 

0,25 ml upper buffer (0,5 M tris/HCL pH 6.8) 

0,2 ml 30% acrylamide  

1,45 ml H2O 

20 µl 100% glycerol 

20 µl 10% SDS  

30 µl 10% APS  

3,25 µl TEMED 

 

Running gel 10%: 

1,15 ml lower buffer (1,5 M tris/HCL pH 8.8) 

1,2 ml 30% acrylamide 

2,1 ml H2O 

45 µl glycerol 

45 µl 10% SDS 

67,5 µl 10% APS 

5 µl TEMED 

 

Upper Buffer (0,5 M tris/HCL ph 6,8): 

15,14g Tris 

HCL 

H2O until 250 ml 

 

Lower Buffer (1,5 M tris/HCL pH 8.8): 

45,43g Tris 

HCL 

H2O until 250 ml 
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Table 7.4 – Western Blot Solutions Composition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 7.5 – Biotinylation Solutions Composition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Western Blot Solutions  

Sample buffer (SB) 2x: 

200mM Tris-HCL 

10% (w/v) SDS 

325mM DDT 

25% (v/v) glycerol 

0.05% bromophenol blue 

pH 6.8 

 

SDS- Page buffer 10x:  

For 2,5 L 

25g SDS 

76g Tris 

360,3g glycine 

H2O until 2,5 L 

 

Blot buffer 25x: 

For 1L 

1,25g SDS 

145g Tris 

72,5g glycine 

H2O until 1L 

 

Coomassie destain: 

For 200 ml 

20 ml acetic acid  

90 ml methanol 

H2O until 200 ml 

Coomassie (stain): 

For 500 ml 

1,25g brilliant blue G (Sigma) 

225 ml methanol 

50 ml acetic acid 

 

TBST: 

For 1L 

2 TBS tablets  

500 µl triton x-100 

H2O until 1L 

 

ECL solution 1: 

980 µl 100mM Tris-HCL pH 8.8 

15µl 250mM Luminol 

5µl 90µM cumaric acid 

 

ECL solution 2: 

1 ml 100mM Tris pH 8.8 

1 µl 7% (v/v) H2O2 

 

Biotinylation Solutions  

PBS-CM: 

For 400 mL 

2 PBS tablets 

bring the volume to 400ml with ddH2O 

400 μL CaCl2 1M 

400 μL MgCl2 1M 

 

TRIS-Q: 

For 50 mL 

5 mL Tris/HCl pH 7.5 1 M 

1.5 mL NaCl 5 M 

50 μL CaCl2 1M 

50 μL MgCl2 1M 

500 μL Glycine 1M 

0.5 g BSA 

 

Wash Buffer: 

For 50 mL 

5 mL Tris/HCl pH 7.5 1 M 

3 mL NaCl 5 M 

5 mL Tx-100 10 % 

 

 

PD Buffer: 

For 25 mL 

1.25 mL Tris/HCl pH 7.5 1 M 

0.5 mL NaCl 5 M 

2.5 mL Glycerol 100 % 

2.5 mL NP40 10 % 

250 μL SDS 10 % 

 


