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ABSTRACT 

The thioredoxin system is a general protein disulfide reductase system present in all 

organisms. Its function is to maintain an intracellular reducing environment and 

upholding a defense against reactive oxygen species generated as by-products of 

aerobic metabolism. The constituents of the system are Thioredoxin (Trx), Thioredoxin 

reductase (TrxR) and NADPH. Apart from its central position as an antioxidant 

protection and redox regulatory system it interacts in diverse cellular processes, such as 

growth regulation, proliferation, apoptosis and various signaling pathways. The system 

is represented by different izoenzymes in different cellular localizations. The aim of 

this thesis was to study the mainly cytosolic variant TrxR1 in regards to regulation and 

function in human tumor cells. TrxR1 is a selenium-containing protein with catalytic 

activity entirely dependent on the incorporation of this element. The enzyme 

furthermore functions as the core metabolizing entity of different selenium compounds. 

The specific pathological condition chosen for the studies was lung cancer, a 

malignancy with exceptionally poor prognosis. 

 

The expression of mammalian TrxR1 is governed by tremendously complex 

mechanisms the purposes of which are not entirely known. The main aspect of this is 

the occurrence of extensive alternative splicing generating several protein isoforms. In 

humans, 21 different mRNA splice variants possibly encoding five protein isoforms 

was previously identified in database searches and cDNA libraries. This study set out to 

confirm the existence of a number of these mRNA variants and protein isoforms in 

human cells and investigate connections between expression profiles and cellular 

morphology. All investigated splice variations explored as well as two protein isoforms 

never before recognized in human cells could be identified and a significant correlation 

connecting expression of TrxR with different malignant phenotypes. In addition, the 

cytotoxic effects of the inorganic selenium compound sodium selenite in comparison to 

conventional chemotherapeutic drugs with special reference to the before mentioned 

regulation of TrxR was explored. In affirmation of previous findings, selenite in 

comparably moderate concentrations showed immense cytotoxic properties on drug 

resistant cell lines. These effects were further enhanced by inhibiton of TrxR. 

Furthermore, enzymatic inhibition with a novel gold compound was investigated as a 

possible strategy for sensitization in radiotherapy. Results showed that inhibition of 

TrxR, non-cytotoxic in itself, greatly decreased the ability of cancer cells to repopulate 

after subjection to radiation treatment. Finally, using immunohistochemistry on paraffin 

embedded tissue from lung cancer, the expression of thioredoxin family redox proteins 

in association to differentiation was examined. Several of these displayed significant 

correlation to both differentiation and proliferation, suggesting possible opportunities 

for diagnostic purposes. Taken together these results strongly support previous 

hypotheses of the importance of redox enzymes and TrxR1 in particular, in various 

aspects of cancer development and management. 
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1 INTRODUCTION 

 

1.1 LUNG CANCER 

Lung cancer is a frequent disease worldwide and carries an extremely poor prognosis. It 

is a disease with very high fatality and is consequently the most common cause of 

cancer mortality in the world (1). Although smoking is the main risk factor, accounting 

for about 90% of disease incident (1, 2), a growing proportion of never-smokers are 

afflicted with the disease (3). A majority of afflicted patients suffer from advanced 

incurable disease at the time of diagnosis. Hence there are great requirements for 

improved therapeutic options and diagnostic tools. Despite tremendous research efforts 

within the area, the cure rate of lung cancer remains dismally low. 

  

 

1.1.1 Classification 

The use of classification systems provides a basis for tumor diagnosis, patient therapy 

and groundwork for clinical and epidemiological studies. The vast majority of lung 

cancers are carcinomas, i.e. malignancies that arise from epithelial cells. In general, 

lung cancers are divided into two major types based on histopathological appearance 

and cellular origin: small cell lung carcinoma (SCLC) and non-small cell lung 

carcinoma (NSCLC). Important implications of this classification are clinical 

management and prognosis. SCLC which is the less common type frequently has a 

better initial response to chemo- and radiotherapy. However, development of secondary 

resistance and recurring disease is common. Furthermore this type is often metastatic at 

the time of diagnosis and ultimately carries a worse prognosis. The histopathological 

appearance is characterized by a scant cytoplasm, small hyperchromatic nuclei with 

fine chromatin patterns, indistinct nucleoli and diffuse sheets of cells (4). NSCLS 

usually responds poorly to chemo- and radiotherapy and is better treated with surgery. 

This type is further divided into sub-groups; Adenocarcinoma, which derives from 

glandular epithelium, Squamous cell carcinoma and large cell undifferentiated 

carcinoma. The histopathological appearance is characterized by an abundant 

cytoplasm, pleomorphic nuclei with coarse chromatin pattern, nucleoli often prominent, 

glandular or squamous architecture (4). Mixed patterns of SCLC and NCSLC are 

possible but much less common. Figure 1 gives an example of the microscopic 

histopathological appearance of both types. 
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Fig 1.  

A: Microscopic overview of squamous 

cell lung carcinoma 

B: Squamous cell lung carcinoma at 

higher magnification 

C: Microscopic overview of small cell 

lung carcinoma 

D: Small cell lung carcinoma at higher 

magnification 

E: Liver metastasis of small cell lung 

carcinoma 
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1.1.2 Epidemiology 

Historically lung cancer was a rare disease but during the 20
th

 century it has developed 

into the major cause of cancer mortality in the world. The connection to smoking has 

been well established (2, 5, 6) and the disease incident parallels that of smoking trends 

with an approximate 20-year lag period.  In the past lung cancer has mainly afflicted 

male smokers in developed countries. Even though smoking prevalence in developed 

countries has declined since the 1980s the situation is the opposite in developing 

countries making a decline in disease incident unlikely. Another epidemiological 

change likely to occur is an alteration in the ratio between men and women diagnosed 

with lung cancer. Furthermore, the histological subtype has shifted from a previous 

predominance of squamous cell- and small cell lung carcinoma to that of 

adenocarcinoma, which also includes a higher proportion of never-smokers (3).  

 

 

1.1.3 Malignant mesothelioma 

Although different from lung cancer, malignant mesothelioma is a related disease of 

importance. It is a rare cancer of mesothelial cells usually arising in the pleura, and is 

mainly caused by exposure to asbestos (7). Normal mesothelial cells have the ability to 

differentiate into an epithelioid or a fibroblast-like phenotype, a capacity which is 

retained in transformed cells. The growth patterns of mesothelial tumors can thus be 

epithelioid, sarcomatoid or of mixed phenotype. The appearance of sarcomatoid 

components indicates a worse prognosis and amplified therapy resistance (8).  

 

 

1.1.4 Treatment 

The first-line therapy for SCLC is commonly systemic treatment with Etoposide in 

combination with a platinum agent such as Cisplatin (9). Systemic chemotherapy in 

combination with radiotherapy is also used in cases where the disease progress is 

limited. Recurrent disease is primarily treated with Topotecan (9). The use of surgery 

might also be possible in case of very early-stage SCLC. 

 

The standard first-line therapy for patients with NSCLC is platinum based two-drug 

regimens with Cisplatin or Carboplatin, or in alternative Paclitaxel. Disease progression 

is however virtually inevitable, and second-line treatment for recurring disease include 

Docetaxel, Pemetrexed and Erlotinib (10). Other chemotherapeutic options include 

agents such as Paclitaxel or Gemcitabine. The antiangiogenetic drug Bevacizumab, an 

antibody against vascular endothelial growth factor (VEGF), is also used in first-line 

combinations with systemic chemotherapy (11, 12). Approximately a fifth of patients 

with NSCLC have localized disease that is amenable for surgical resection, however, 

about 50% of these experience relapse and subsequent disease progression (13).  

 

Generally, radiotherapy is used for both radical, hyperfractionated protocols or 

endobronchial brachytherapy and palliative purposes in lung cancer treatment. 
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1.1.4.1 Chemotherapeutic drugs 

Uncontrolled growth of cells coupled with malignant behavior is what defines the 

cancer disease. The majority of drugs used in cancer therapy function either by 

impairing cell division or by triggering apoptosis. In general, chemotherapeutic drugs 

can be classified into alkylating agents, nitrosoureas, antimetabolites, antitumor 

antibiotics, plant alkaloids and epipodophyllotoxins, enzymes and miscellaneous 

agents, hormonal agents and biological substances. These types of drugs mainly target 

cell division or DNA synthesis to exert their effect and the classes of drugs and their 

mechanisms of action are often overlapping. 

 

Alkylating agents, including commonly used platinum agents such as Cisplatin and 

Carboplatin, work either by direct addition of an alkyl group to electronegative 

nucleotides of DNA, formation of cross-links between DNA strands or separate DNA 

molecules or by induction of nucleotide mispairing. Nitrosoureas have similar 

mechanisms of action. The antitumor antibiotics are often anthracyclines that target 

DNA and RNA synthesis by intercalation of basepairs. They may also inhibit 

topoisomerase or induce formation of oxygen radicals. Antimetabolites work by closely 

resembling essential metabolites and interfere with DNA or RNA synthesis when 

incorporated as these. A specific examples is Pemetrexed, which is a drug used in 

treatment of NSCLC and malignant mesothelioma. It is an antifolate antimetabolite 

which primarily inhibits thymidylate synthase resulting in decreased thymidine 

available for DNA synthesis. The alkaloids are a class of organic nitrogen-containing 

compounds derived from plants. The main types used in chemotherapy are vinca 

alkaloids and taxanes. Another important type of chemotherapeutic drug are the 

Topoisomerase inhibiting agents that hinders the function of Topoisomerase I and II 

necessary for relaxation of supercoiled DNA during cellular replication.  

  

Apart from the mentioned groups there exists a large body of miscellaneous and 

experimental drugs. Common therapeutic agents used in the treatment of lung cancer 

and their classification are listed in table 1. (14) 

 

 

Drug Type  Drug Type 

Bevacizumab VEGF inhibitor  Gemcitabine Antimetabolite 

Carboplatin Alkylating agent  Ifosamide Alkylating agent 

Cisplatin Alkylating agent  Paclitaxel Alkaloid (taxane) 

Docetaxel Alkaloid (taxane)  Pemetrexed Antimetabolite 

Doxorubicin Anthracycline  Topotecan Topoisomerase I inhibitor 

Erlotinib EGFR-specific tyrokinase 

inhibitor 

 Vincristine Alkaloid (vinca alkaloid) 

Etoposide Topoisomerase II inhibitor  Vinorelbin Alkaloid (semi-synthetic vinca 

alkaloid 

 

Table 1.  

The generic names and types of common chemotherapeutic agents used in the treatment of lung cancer. 
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1.1.5 Therapeutic resistance of lung cancer 

Despite considerable progress in the clinical management of lung cancer over the past 

decades it remains the most lethal neoplasm worldwide. A major reason for the poor 

clinical outcome of lung cancer is the tendency of these malignancies to display 

intrinsic resistance to chemotherapeutic drugs and radiation treatment, or acquired 

secondary resistance due to genetic selection. Malignant cells with developed resistance 

mechanisms are able to circumvent apoptotic or non-apoptotic cell death induced by 

chemotherapeutic chemicals or radiation induced stress. Cellular defenses against 

chemical cytotoxic agents involve mutations promoting cell survival by inhibition of 

apoptosis, alteration of drug targets, alteration of regulatory pathways and prevention of 

cellular accumulation of these agents. Several resistance mechanisms in lung cancer 

have been extensively studied, including GSH-linked enzymes, stress response 

signaling proteins, chaperones, cytoskeletal proteins, cell cycle regulatory proteins, 

apoptosis pathway proteins, enzymatic systems involved in DNA synthesis, replication 

and repair and membrane changes in respect to multi-specific transporters, adhesion 

proteins, and growth factor and death receptors (15, 16). The genetic selection within 

tumors towards increasingly therapy resistant phenotypes is a clinical problem of 

severe magnitude which warrants intense scrutiny. 

 

 

1.1.5.1 Drug resistance 

The cellular uptake of a drug is rarely saturable with dose and inhibition of mechanisms 

involved in drug transport over the cellular membrane is a common approach in 

resistance development. One class of proteins implicated in multi drug resistance 

(MDR) is the ATP-binding cassette (ABC) family. This extensively studied group is 

characterized by membrane bound ATP-consuming pumps responsible for transport of 

various substances (17). A specific example of reduced drug uptake is deficiency in 

copper transport protein 1 (CTR1) which confers reduced uptake and resistance to the 

chemotherapeutic drug cisplatin (18). Other important proteins implicated in drug 

resistance in lung cancer are the lung resistance protein (LRP), P-glycoprotein (P-gp) 

and multidrug-resistance protein 1 (MRP1) (19). Also of great importance in MDR are 

functions concerning the apoptotic machinery and cell cycle control, particularly p53 

which is subject to mutation or deletion in approximately 50% of both SCLS and 

NSCLS (20). DNA repair pathways such as ERCC1 and BRCA1 are other areas of 

interest as they confer selective resistance to certain cytotoxic drugs (21, 22).  

 

 

1.1.5.2 Radiation resistance 

Radiotherapy has been subject to improvements during the last decades, mainly by the 

use of hyperfractionated therapy regimens and advances in brachytherapy, although 

resistance development remains a clinical challenge. The mechanisms behind resistance 

to radiotherapy share many similar features with those of chemo-resistance and can be 

categorically divided into DNA repair, changes in cellular metabolism and changes in 

cell interaction (23). The clinical benefit from radiotherapy is achieved from the 

conversion of intracellular H2O to reactive oxygen intermediates causing damage to 

DNA in exposed cells (24) which strongly implicates cellular redox systems in 



 

10 

resistance development (25, 26). Cellular protein thiol status is a critical factor in 

radiation resistance and the thioredoxin system in particular seems to be highly 

involved in underlying mechanisms (27-29). Altering the intacellular redox 

environment is also a strategy for improving response to radiation treatment when 

resistance has developed (25, 30, 31).  

 

 

1.2 CHEMICAL CARCINOGENESIS 

The transformation process of normal cells into cancer cells is termed carcinogenesis. 

Central to chemical carcinogenesis is nonlethal genetic damage either caused by 

environmental agents or inherited mutations. These are grouped into chemicals, radiant 

energy or microbial agents. Chemical carcinogens can be divided into direct acting and 

indirect acting agents (32). The first group consisting of highly reactive electrophiles, 

require no chemical transformation to induce carcinogenicity, however they are 

generally considered weak carcinogens. These include some chemotherapeutic drugs 

such as alkylating agents. Most chemical carcinogens belong to the second group and 

require metabolic conversion to become active. These are generally considered more 

potent as carcinogens. One important example is the polycyclic hydrocarbons present 

in both tobacco smoke and fossil fuels. Radiation from various sources is a strongly 

established carcinogen in humans, and the carcinogenic effect is derived from both 

direct physical effects of radiation such as single and double DNA-strand breaks and 

indirect damage by consequential radical production from radiation induced hydrolysis 

of cellular H2O.  

 

The genetic hypothesis of cancer is defined by the fact that tumors are monoclonal, i.e. 

they originate from clonal expansion of a single progenitor cell where the damage has 

occurred (4). The principal targets of this type of damage are genes that can be 

categorically divided into growth-promoting protooncogenes, growth-inhibiting cancer 

suppressor genes, apoptosis regulating genes and DNA-repair regulating genes. When 

an allele of a protooncogene is mutated in such a way that it promotes neoplastic 

growth and has the ability to transform a cell despite its normal counterpart it is called 

an oncogene. In contrast, mutated tumor suppressor genes may be referred to as 

recessive oncogenes because damage to both alleles is required for cellular 

transformation to occur (4). Ultimately six different fundamental changes in cell 

physiology together dictate a malignant phenotype; Self-sufficiency in growth signals, 

insensitivity to growth inhibitory signals, evasion of apoptosis, limitless replicative 

potential, sustained angiogenesis and ability to invade and metastasize (33).  

 

Chemical carcinogenesis is a multistage process (fig 2) at both genetic and phenotypic 

level that can be divided into different steps; Initiation, promotion, and progression (32, 

34). During this process it is the accumulation of mutations and not in what stage or in 

which order they occur that is the determining factor of the development of neoplasia 

(35, 36).  
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1.2.1 Initiation 

Initiation is the step in which the molecular structure of DNA is modified, causing a 

genetic error. These errors can arise through multiple pathways such as formation of 

DNA-adducts with chemical carcinogens, physical damage through exposure to 

radiation of intracellular radical formation. Epigenetic modifications such as DNA-

methylation, most importantly methylation of CpG islands (34), are also of importance 

since these events can lead to gene silencing. Chemical damage to DNA is in itself not 

a mutagenic event. If the damage is to be converted into a mutation, defined by an 

inheritable change, DNA replication and subsequent cell division is necessary.    

 

 

1.2.2 Promotion 

Tumor promotion is defined as the selective clonal expansion of initiated cells. When a 

cell bearing the initial mutation is able to proliferate a sequential process of acquisition 

and accumulation of further genetic changes is possible. Subsequent accumulation of 

mutations in crucial genes can give rise to a conversion into a malignant phenotype 

characterized by the abilities of autonomous replication and invasion and mitoinhibition 

of surrounding cells (32, 34).  

 

 

1.2.3 Progression  

Tumor progression comprises the expression of the malignant phenotype which has the 

prominent characteristics of genomic instability and uncontrolled growth. During the 

process of progression even further genetic and epigenetic changes occur, contributing 

to the tendency of the malignant phenotype to acquire characteristics that are 

increasingly aggressive. This ultimately confers a growth advantage to the tumor cells 

and capacity for regional invasion and subsequent metastatic spread. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig2. Schematic presentation of the multistage process of carcinogenesis. The curved arrow indicates the 

initial damaging event. If the initiated cell is able to replicate, its subsequent division leads to clonal 

expansion during the promotion stage. As further mutations are acquired the cell progress into malignant 

conversion ultimately leading to cancer disease. 
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1.3 OXIDATIVE STRESS 

All aerobic organisms are dependent on oxygen for vital functions as energy production 

and cellular signaling and continuously produce and degrade reactive oxygen species 

(ROS).  The physiological use of ROS as critical mediators of cellular functions is well 

established. Important examples are nitric oxide (NO), Hydrogen peroxide (H2O2), and 

superoxide (O2
•-
) which are involved in signaling and regulation of gene expression 

(37-42). If these compounds are to exert their desired biological effect it is imperative 

for the cell to balance production and elimination of ROS as excessive production will 

lead to the state of oxidative stress.  

 

All major groups of biomolecules, DNA, proteins and lipids, are targets for the damage 

caused by unbalanced levels of ROS ultimately threatening the integrity of the cell. 

Oxidative damage to DNA in the form of cleavage, cross-linkage and oxidative attacks 

on the bases of the deoxyribosyl backbone is involved in the etiology of many cancers 

(43) and oxidatively modified proteins and lipids are also implicated in a variety of 

pathological conditions (44, 45). As exemplified by the involvement in 

neurodegenerative disorders (46), vascular disorders (47), cancer and aging (48). 

 

 

1.3.1 Reactive oxygen species 

The concept of ROS includes several molecules derived from oxygen metabolism and 

conversion (49). The most important are superoxide, hydrogen peroxide, hydroxyl 

radical (
•
OH) and nitric oxide. The first three derives from the stepwise reduction of 

molecular oxygen through 1-electron transfers (50, 51). These compounds display very 

different levels of chemical reactivity; superoxide, hydrogen peroxide and nitric oxide 

are less reactive as compared to the hydroxyl radical which is extremely reactive.  

 

The addition of an electron to molecular oxygen generates the superoxide anion. This 

can take place spontaneously, most prominently in the vicinity of the inner 

mitochondrial membrane and the electron transport chain (52). It can also be produced 

endogenously by flavoenzymes (53) by the escape of electrons from the respiratory 

chain. Even though O2
•-
 is a chemical radical its propensity for direct reactions is 

reduced by the fact that it lacks the ability to penetrate lipid membranes. Phagocytic 

cells take advantage of this to produce internal high levels of O2
•-
 and its reactive 

metabolites for localized microbicidal activity (54).  

 

H2O2 is readily produced by dismutation of molecules of O2
•-
 spontaneously or by 

catalysis by superoxide dismutases (SOD) and several other enzymes (55). H2O2 is a 

weaker oxidizing agent than O2
•-
 but it is in contrast able to diffuse across biological 

membranes (50, 51). Furthermore it can give rise to the strongly reactive and toxic 

hydroxyl radical (
•
OH) through Fenton chemistry (Reaction 1) in the presence of 

transition metals. 
•
OH exhibits very strong reactivity towards several biomolecules and 

is likely to cause severe damage, especially through reactions with DNA. 

 

 

H2O2  +  Cu
+
/Fe

2+
  →  

•
OH  +  OH

-
  +  Cu

2+
/Fe

+ 
  (Reaction1) 
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NO, which is produced by nitric oxide synthases (NOS) is another biologically 

important compound. Even though it is not highly reactive towards most biomolecules, 

it has the ability to traverse membranes and is therefore well suited as a transducer of 

intracellular signals (56, 57). Its unpaired electron also endows it the property of a 

radical scavenger. Although, if NO and  O2
•-
 are produced excessively in parallel, a 

reaction between them resulting in reactive nitrogen species (RNS) such as the 

cytotoxic compound peroxynitrite (OONO
-
) is possible (58).  OONO

-
 can in turn react 

with CO2 forming peroxocarboxylate (ONOOCO2
-
), which is also highly reactive, or if 

protonated, undergo homolysis forming either 
•
OH or 

•
NO2. 

 

 

1.3.2 Thiol modification 

Intracellular thiols, e.g. GSH or protein cysteines, are subject to modification by both 

ROS and RNS. Oxidation of thiol groups can result in disulfides, sulfenic (-SOH), 

sulfinic (SO2H) or sulfonic (-SO3H) acid. The last two are considered irreversible under 

most physiological conditions (59, 60). Reversible modifications of thiols is an integral 

part of the concept of redox-homeostasis by the use of oxidation of thiols in the active 

site of redox proteins, but also as means of protective modification by glutathionylation 

or S-nitrosylation reactions (50) or as cellular redox sensitive regulatory switches. 

Thiols also bear the possibility to act as radical quenchers forming highly reactive thiyl 

radiacals in the process, which in turn would require a termination reaction if not to 

induce further reactions in the radical chain (61). In relation to this, cellular redox 

systems could play an important part in damage prevention.  

 

 

1.4 ANTIOXIDANT SYSTEMS 

Since ROS exert vital cellular functions when present in balanced physiological 

concentrations, multiple systems exist to maintain the redox-homeostasis of the cell. 

The system in present focus, the thioredoxin system is covered more extensively below. 

The most abundant intracellular antioxidant is glutathione (GSH) which is present in 

millimolar concentration in aerobic cells (50). Reduced glutathione can perform 

antioxidant activity directly or through conjugation reactions catalyzed by glutathione 

S-transferases (62). The oxidized form (GSSG) can in turn be reduced by glutathione 

reductase (GR). Glutathione peroxidases (GPx) are selenium-containing enzymes that 

also use GSH in the reduction of hydroperoxide. 

  

Superoxide can be efficiently converted to hydrogen peroxide by two SOD isoenzymes, 

Mn-SOD which is the mitochondrial form, or the cytosolic Cu/Zn-SOD. The reduction 

of hydrogen peroxide is in turn catalyzed by catalases, mainly present in peroxisomes, 

peroxiredoxins or glutathione peroxidases (50).  

 

 

1.4.1 The Thioredoxin system 

The principal components of the thioredoxin system are thioredoxin (Trx) and 

thioredoxin reductase (TrxR) and NADPH. The core function is as a protein disulfide 

reductase system. The activity is sustained by NADPH-dependent reduction of Trx by 
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its reductase. The system is of great importance since it maintains multiple redox 

processes essential for proper cell function. Among its many functional properties is 

involvement in antioxidant defense, cell proliferation and redox regulated cell signaling 

(50, 63, 64). The multifaceted functionalities makes this system a highlighted 

therapeutic target in several diseases, most notably cancer (65-69). The thioredoxin 

system also shares many of its functions with another redox system of great 

importance, namely the glutaredoxin system (Fig 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3. Schematic presentation the Trx- and Grx-systems. The two ubiquitous redox systems both exert 

important overlapping cellular functions in parallel with specific tasks. The active site dithiols of both Trx 

and Grx are oxidized upon reduction of their target species. While Trx is recycled by its corresponding 

reductase (TrxR), Grx requires reduction by two molecules of glutathione (GSH) forming a glutathione 

disulfide (GSSG) which in turn is reduced by Glutathione reductase (GR). Both systems utilizes NADPH 

as their source for reducing equivalents. 

 

 

1.4.1.1 Thioredoxin 

Thioredoxins, which exist in several isoforms, are ubiquitous proteins of approximately 

12 kDa first discovered in E. coli where the reduced protein is capable of transferring 

reducing equivalents to ribonucleotide reductase (70). Trx contains an active site 

sequence, Cys-Gly-Pro-Cys,(71) known as the “thioredoxin-motif” with a dithiol 

responsible for its redox activity. Although the most prominent role of Trx is as a 

central component in antioxidant reactions, it has several other regulatory functions 

(63). One specific function of interest is its involvement in transcription factor control 

upon cytosolic relocation to the nucleus induced by different stimuli (27, 72, 73). When 

Trx exerts its functions the active site is oxidized to a disulfide requiring regeneration 

by TrxR. Continuous activity of Trx is thereby totally dependent on its reductase. 
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1.4.1.2 Thioredoxin reductase 

Mammalian thioredoxin reductases are selenium containing homodimeric 

oxidoreductases with one enzyme bound FAD per subunit. Three separate groups of 

TrxR isoenzymes are expressed in mammals; the cytosolic TrxR1, the mitochondrial 

TrxR2 (74) and TGR (75) found mainly in testicular cells. All isoforms share the same 

overall domain structure and active site motif which in mammals involves the selenium 

containing amino acid selenocysteine (Sec) (76) which is the selenium analog of 

cysteine and is essential for the catalytic effiency of TrxR (77). Owing to the chemical 

properties of selenium, the substitution of sulfur for selenium in Sec bestows it with 

special characteristics of inherent high reactivity and unique redox properties (78). The 

most prominent reason is the lower pKa of Sec (5.3) compared to Cys (8.3) (79). The 

consequence of this is that at physiological pH, the selenol of Sec will mainly exist in 

the anionic selenolate form, while the thiol of the Cys residue remains protonated 

increasing the comparative reactivity of Sec. The production of TrxR and other 

mammalian selenoproteins requires a complex Sec-dedicated translation machinery 

(80) including a Sec-encoding UGA, normally conferring translation termination in 

non-selenoproteins, defined by a Sec insertion sequence (SECIS) which is a specific 

secondary structure in the selenoprotein mRNA.  

 

The action of TrxR is not limited to its own system, i.e reduction of oxidized Trx, but 

the different isoforms can reduce many different types of substrates in different cellular 

compartments and tissue types. TrxR is known to interact with a multitude of different 

substrates, among others; Grx2 (81), NK-lysin (82), dehydroascorbate (83), lipoic acid 

(84), low molecular weight disulfide compounds such as DTNB (85) and ubiquinone 

(86). Furthermore, TrxR is at the core of selenium metabolism with its ability to reduce 

several selenium compounds (87-91). Interestingly, it also has the ability to reduce 

selenite to selenide (92) which in needed in selenoprotein synthesis, thereby supporting 

its own production. The biological significance of the system is further emphasized by 

studies on knockout mouse models showing that both TrxR1 and TrxR2 are essential 

for embryonic development. 

 

 

1.4.1.3 Structure of TrxR1 

The biologically active form of mammalian TrxR is a homodimeric enzyme with 

subunits of around 55 kDa in a head-to-tail arrangement where both units are necessary 

for the completion of a catalytic cycle. The main active site contains a reversible 

selenylsulfide/selenothiol found in a C-terminal –Gly
496

-Cys-Sec-Gly-COOH motif 

(77, 93-96) supported by active site cysteine residues within the sequence –Cys
59

-Val-

Asn-Val-Gly-Cys
64

-, the latter which also is identical to the active site of glutathione 

reductase. The first crystal structure of mammalian TrxR1, which was a Sec-to-Cys 

mutant of rat TrxR1, was published in 2001 (97) and the structure of a Sec-to-Cys 

mutant for human TrxR1 in 2007 (98). Recently, the crystal structure of a Sec-

containing TrxR1 from rat was also determined (99). The overall structure of the TrxR1 

subunits is assembled from a FAD binding domain, a NADPH binding domain and an 

interface domain (97). The C-terminal redox center containing the selenocysteine 

residue is located on a solvent exposed flexible arm (97, 98). 
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1.4.1.4 Mechanism 

The catalytic mechanism of TrxR has been extensively studied and described in detail 

(77, 93-102). Briefly, in the first stage of catalysis NADPH reduces the enzyme bound 

FAD of one subunit. Subsequently reducing equivalents are transferred to the –

CVNVGC- active site motif in the same subunit forming a dithiol. The dithiol 

containing active site then reduces the C-terminal selenylsulfide in the other subunit 

thereby forming a selenothiol motif. The reduced C-terminal motif can then 

consequently reduce available substrates of TrxR, including the active site disulfide of 

oxidized Trx. 

 

 

1.4.1.5 TrxR expression 

The expression of TrxR1 is guided by three separate genes, TXNRD1, TXNRD2 and 

TXNRD3, and is governed by very complex mechanisms involving alternative 

transcription promoters and extensive alternative splicing yielding protein variants 

differing in their N-terminal sequences (103-106). Mammalian organisms also display 

noticeable differences in TrxR expression in regards to studied tissue, cells, cell 

compartments and growth conditions (102), a characteristic shared with other redox 

enzymes (107). 

 

 

1.4.1.6 Alternative splicing of TXNRD1 

The mainly cytosolic TrxR1 protein is encoded by the TXNRD1 gene located on 

chromosome 12 and has been mapped to 12q23-q24.1 (108). This gene contains several 

alternative exons in the 5´-region apart from 15 core exons encoding the major part of 

the TrxR1 protein. These extra exons give rise to several alternative splice forms, some 

of which encode different protein variants (103). Adding to the complexity of TrxR1 

expression and regulation is the fact that additional intra-intronic genes can be found 

within the TXNRD1 gene (103, 109). Although the gene has alternative transcription 

promoters, a core promoter guides most of its transcripts. This promoter has the 

characteristics of a housekeeping gene, lacking TATA or CCAAT boxes and interacts 

with transcription factors Oct-1 and Sp1/Sp3 (110). Transcriptional regulation is also 

affected by an Nrf2-regulated antioxidant responsive element (111-113). The number 

of alternative mRNA splice variants surpasses 20, however, several of the differentially 

spliced transcripts differ in untranslated regions, and therefore potentially encodes five 

different protein isoforms which have previously been designated TXNRD1v.1-5 

(103). The potential cellular functions and mechanisms of these isoforms are largely 

unknown. 

   

 

1.4.1.6.1 TXNRD1v.1 

This form of TrxR1 is referred to as the “classical” form of the protein. It is believed to 

have the highest expression level in most human tissues. Even though it is the major 

protein species obtained when TrxR1 is purified from tissue, e.g. human placenta (114, 

115), there is no absolute certainty that this form is by itself responsible for studied 

effects of TrxR1. Since the core domain of TrxR1 is shared between different splice 
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variants (103, 104, 116) there are likely several isoforms involved when studying 

TrxR1. 

 

 

1.4.1.6.2 TXNRD1v.2 

Although expressed from the same core promoter, this form contains an N-terminal 52 

amino acid elongation as compared to the protein product of TXNRD1v.1 because of 

the utilization of different exons at the 5´end of the transcript (103, 110). In human, the 

N-terminal elongation contains an LQKLL motif shared with all isoforms except 

TXNRD1v.1 (103). This motif implicates nuclear receptor binding and TXNRD1v.2 

has been shown to interact with estrogen receptors upon accumulation in cell nuclei 

(117).   

 

 

1.4.1.6.3 TXNRD1v.3 

This isoform arises from a transcript using an alternative upstream promoter, the use 

of which requires a shutdown of the TrxR1 core promoter (103, 110). It encodes an 

isoform of TrxR1 carrying an additional N-terminal 150 amino acid glutaredoxin 

domain. This domain has an atypical -CTRC- active site motif, compared to the 

typical -CPYC- active site, lacking glutaredoxin activity (118). The protein has been 

found to be expressed mainly in Leydig cells of the testis and induction of the 

transcript can be detected in several tissues and cancer cell lines (103, 118, 119).  

 

 

1.4.1.6.4 TXNRD1v.4 

This sparsely studied splice variant carries an N-terminal 44 amino acid elongation as 

compared to TXNRD1v.1. This elongation may potentially contain a mitochondrial 

localization signal (103).  

 

 

1.4.1.6.5 TXNRD1v.5 

In comparison to TXNRD1v.1 the TXNRD1v.5 variant contains an N-terminal 99 

amino acid elongation. Its sequence has been found in an EST clone from trachea, 

which also encoded an alternative C-terminal domain that potentially carries three 

additional selenocysteine residues instead of the classical TrxR1 tetrapedtide active site 

motif (103). 

 

 

1.4.1.7 TrxR1 and Selenium 

The activity of TrxR and consequently the whole Trx system is dependent on the 

element selenium (Se) for its activity. This is especially evident from studies of Sec-to-

Cys mutants displaying significant decreases in catalytical activity (77, 94) and also by 

the studies of cell cultures where addition of Se to growth medium strongly induces 

TrxR activity (120-124). In humans, 25 different selenoprotein encoding genes have 

been identified (125). By its association to selenium metabolism(87, 88), TrxR is likely 

to be vital for supplying Se-moieties for many of these selenoproteins.   
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Although Se is an essential micronutrient which has been implicated in several aspects 

of disease prevention (126-128) its properties bestows it special interest as a potential 

alternative to, or potentiator of conventional therapies. The chemical compound 

Selenite (SeO3
2-

) has been extensively studied for its seemingly selective cytotoxic 

properties differing between normal and cancer cells (129) and between drug resistant 

and sensitive cells (130-133). Historically, this selectivity has been exploited in the use 

of selenite as a tumor localizing agent (134-136). A mechanism behind cancer selective 

cytotoxicity of selenite involving cellular uptake assisted by extra cellular thiols has 

recently been postulated (Olm et al. Unpublished data). Furthermore, there is an 

inverse relation between response to chemotherapeutic drug and selenite treatment in 

several lung cancer and mesothelioma cell lines (137-140) with strong connections to 

TrxR.  

 

 

1.4.2 The Glutaredoxin system 

The glutaredoxin system utilizes the cellular abundance of glutathione to catalyze 

protein disulfide reductions in the presence of NADPH and glutathione reductase. In 

humans the system involves four different isoforms of glutaredoxin (Grx) (141). The 

cytosolic variant Grx1, the mainly mitochondrial Grx2, Grx3, which is a multi-domain 

monothiol homologue of Grx3 and 4 from yeast (142, 143) and Grx5 which is well 

conserved in eukaryotic cells. There also exist two additional isoforms of Grx2 derived 

from alternative splicing, a nuclear Grx2b and cytosolic Grx2c. These are mainly 

expressed in testicular and some cancer cells (144). Glutaredoxin also play an 

important part in redox regulatory mechanisms through catalysis of glutathionylation 

reactions. Glutaredoxins and thioredoxins, and hence the entire systems, are intimately 

connected as they are both dependent on dithiol active sites for their catalytic 

mechanisms and their functions involve overlapping cellular regulatory pathways 

(145). A more specific example is that Grx2 has an active site modification (Ser→Pro) 

compared to Grx1 that enables it to use TrxR as an electron donor (81). 

 

 

1.5 THE THIOREDOXIN SYSTEM AND THE MALIGNANT CELL 

1.5.1 The thioredoxin system and carcinogenesis 

Although being a focal point in normal physiological functions and cellular processes, 

the Trx system is also implicated in the pathogenesis of multiple diseases. 

Overexpression of both Trx and TrxR and connections to tumor aggressiveness has 

been pointed out in lung cancer (146, 147) and several forms of human tumors (148-

151). The involvement of the Trx system in carcinogenesis has furthermore been 

studied in animal models (152). Another finding of special interest was the 

identification of autoantibodies against TrxR in serum from a patient suffering from 

ovarian cancer (153).  

 

Tumor cells are commonly subject to abnormal levels of oxidative stress (154) which 

gives a convenient explanation for the upregulation of any cellular antioxidant system. 

However, given the diversity of cellular pathways linked to the Trx system the 
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underlying causes for the overexpression in malignant cells are likely to be exceedingly 

more complex. The Trx system is noticeably adaptable in the sense that it is essential 

for upholding redox homeostasis in normal cells, although upon malignant 

transformation it supports progression and growth (68, 155). 

 

  

1.5.2 The Thioredoxin system as a drug target 

The potential of the thioredoxin system as a drug target in cancer therapy has been 

extensively studied (65, 67, 69, 156), not seldom with special focus on TrxR. The 

importance of TrxR1 expression for tumor cell development is exemplified by 

inhibition experiments in lung cancer (157) and hepatocellular carcinoma (158). In 

addition, TrxR is also strongly connected to inhibition of apotosis through Trx 

regulation of apotosis signal-regulating kinase 1 (ASK1) (159).   

 

A multitude of inhibitors directed at TrxR have been discovered, the majority targeting 

the highly reactive Sec residue of the active site. Among the most well known are gold 

compounds, of which several are widely used in clinical treatment of different diseases 

(160). Many different gold compounds have been experimentally demonstrated to 

display highly effective inhibition of TrxR at low concentrations (161). Gold has an 

inherent affinity for thiols, which makes the nucleophilic selenolate of reduced TrxR a 

principal target for gold-containing drugs. Moreover, the oxidation state of the gold 

atom is not decisive for the inhibition capacity which potentially could give retained 

effect after intracellular metabolism. More specific observations regarding TrxR 

inhibition and cancer includes induction of apoptosis in cisplatin-resistant ovarian 

cancer cells by the gold compound auranofin (162) and inhibition of both TrxR and 

selenium incorporation in the process of general selenoprotein synthesis by the same 

compound (163).    

 

 

1.5.3 Redox proteins in cancer diagnostics 

As lung cancer remains the malignancy causing most deaths worldwide, the need for 

better diagnostic and prognostic tools is imperative. One possible strategy for 

improving cancer diagnostics is the development of effective biomarkers. The basis for 

functional biomarkers in cancer diagnostics is distinguishable differences between 

normal and malignant cells. And if this strategy is to be taken further, these markers 

also need to be able to distinguish between different degrees of differentiation and 

proliferation. As mentioned above, several studies have reported increased expression 

of the Trx system in cancers cells. Furthermore, in brain tumors TrxR expression has 

been associated with tumor grading and subsequent prognosis (150, 164), and levels of 

Trx correlated to differentiation and proliferation in gastric cancer (165, 166). 

Moreover, overexpression of Trx in NSCLC has been linked to a more aggressive 

phenotype associated with a worse prognosis (167). In conclusion, these results suggest 

a potential for redox enzymes as useable biomarkers in the development of improved 

diagnostics. 
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2 THE PRESENT INVESTIGATION 

 

2.1 AIMS OF THE STUDY 

The thioredoxin system is a central redox system in all mammals and has vast 

importance in the defense against oxidative stress and multiple cellular signaling 

pathways involved in numerous aspects of health and disease. A key constituent of the 

system is the selenoenzyme TrxR1, serving as an imperative redox regulator by its 

versatile properties other than functional support of Trx. TrxR1 in combination with 

selenium compounds in studies of cancer is of great interest in consequence of the 

selenium- metabolizing properties of the enzyme and apparent selective cytotoxic 

effects of the compounds themselves. The central biological significance and extremely 

complex multi-leveled regulation of the TrxR system supplies numerous possible 

angles and strategies of investigation. The general aims of the projects were to examine 

biological occurrence of postulated TrxR isoforms, study the effects of alternative 

therapy strategies and interactions with the TrxR1 system and examine a possible role 

of redox proteins as diagnostic or prognostic tools with special focus on lung cancer. 

The specific aims were the following: 

 

 Identification and quantification of expression of variant mRNA forms of 

TrxR1 in lung cancer cell lines. 

 Identify expression of corresponding protein isoforms. 

 Study the possibility of using selenite as an alternative cytotoxic drug on 

chemotherapeutic resistant lung cancer cell lines. 

 Explore the effects of selenite treatment on the thioredoxin system, mainly 

TrxR1 expression. 

 Investigate expression of TrxR and related redox proteins in relation to 

differentiation and proliferation in lung cancer tissue and cell lines. 

 Study possible beneficial effects of TrxR1 inhibition in combination with 

radiation treatment of lung cancer cell lines. 
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2.2 COMMENTS ON THE METHODOLOGIES 

 

2.2.1 Peptide antibodies 

Specific polyclonal peptide antibodies were constructed targeting a region of an exon 

common for the potential isoforms TrxR1.v2, TrxR1.v3 and TrxR1v.5. Attempts were 

made to construct antibodies uniquely directed at single isoforms, however these were 

not successfully detected in immunoblotting reactions.  

 

 

2.2.2 Cell viability assay 

In cell viability measurements an XTT based colorimetric assay was used. XTT is a 

yellow tetrazolium salt cleaved into an orange formazan dye by metabolically active 

cells. The conversion into the formazan dye is performed by viable cells and is detected 

in the UV absorbance spectrum enabling quantification of surviving cells after 

cytotoxic treatment. Results achieved with this method have been confirmed with the 

alternative Sulforhodamine B method. Briefly, this method indicates the degree of 

cytotoxity by the cellular incorporation of Sulforhodamine B dye into viable cells. 

Both methods gave analogous results regarding measurements of selenite toxicity.    

 

 

2.2.3 Tissue micro array 

In order to expand the immunohistochemical examinations of lung cancer tissue micro 

array was used. This method, sometimes referred to as tissue proteomics, enables high 

throughput screening of biological material without expending excessive amounts of 

antibodies in the staining process. 

 

 

2.2.4 Radiation treatment and repopulation assessment 

The most common method when investigating the effects of radiation on adherently 

growing cell cultures is probably the “clonogenic assay” where cells are seeded in 

diluted suspension establishing single cell clones. The cells used in these experiments 

were however not suitable for growing in to sparse confluence, they simple will not 

form single cell clones. Therefore an alternative method was used where cells were 

grown normally in culturing flasks. After radiation treatment cells were routinely 

observed by light microscopy and subcultivated and counted before reaching absolute 

confluence for a period of 14 days. At the end of this period cellcounts were 

recalculated taking into account the fraction of recultured cells at each subcultivation, 

in theory giving an endpoint cell count corresponding to an infinite growth area. 
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2.3 RESULTS AND DISCUSSION 

 

2.3.1 Paper I 

Quantification of alternative mRNA species and identification of thioredoxin 

reductase 1 isoforms in human tumor cells 

 

Involving regulation on both DNA- and RNA level with multiple promoters and 

extensive alternative splicing the cellular control mechanisms for TrxR1 expression are 

undoubtedly very complex. Based on studies of databases and cDNA libraries, 21 

different mRNA forms of TrxR1 differing in the 5´-end has previously been suggested 

in humans (103, 118). However, a majority of these mRNA variants differ in their 5´-

untranslated region leading to five possible protein isoforms (TrxR1v.1-5) differing in 

the N-terminal region. Apart from the “classical” form TrxR1v.1 only one human 

isoform, namely TrxR1v.2 has previously been identified (117). 

 

This study was conducted on a model system of malignant mesethelioma cell lines 

which displays a particularly high expression of the Trx system (151, 168). This system 

has also been previously used in studies of cytotoxic effects of selenite (140). The aim 

of this paper was to confirm the existence of rare mRNA variants and quantify their 

relative amounts and study potential effects on these with selenite treatment, as well as 

detecting possible protein isoforms. Seven different sets were optimized for quantative 

PCR, including primers for the quantification of total expression of TrxR1 mRNA. Six 

different cell lines with either sarcomatoid, epithelioid or mixed morphology were 

analyzed and all different splice variants were detected. Furthermore, the expression of 

total TrxR1 mRNA correlated significantly to cell morphology, where the epithelioid 

phenotype showed the highest levels. The effect on specific mRNA transcription was 

further explored on one cell line where a majority of transcripts showed significant 

upregulation. In addition, specific polyclonal peptide antibodies directed at a region 

common for TrxR1v.2, TrxR1v.3 and TrxR1v.5 were constructed. A western blot 

analysis with these antibodies detected all three forms in levels corresponding to 

quantified mRNA and immunohistochemistry on mesothelioma tissue gave positive 

staining with the same antibodies. These results were furthermore confirmed using 

masspectrometry where unique peptide fragments from TrxR1v.3 and TrxR1v.5 were 

identified.    

 

 

2.3.2 Paper II 

Treatment of lung cancer cell lines with cytotoxic levels of sodium selenite: Effects 

on the thioredoxin system 

 

The thioredoxin system has been implicated in the development of drug resistance. 

Here five different cell lines from therapy resistant lung cancer were subjected to 

treatment with sodium selenite in comparison to treatment with conventional cytotoxic 

drugs. Sodium selenite was demonstrated to have the highest effect on cell viability. 

The degree of selenite toxicity also correlated to higher expression of TrxR1 and 

greater resistance to Doxorubicin. Inhibition of TrxR further enhanced the cytotoxic 
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effect of selenite confirming previous suggestions of connections of the thioredoxin 

system to selenite cytotoxicity. Moreover, the effects of selenite toxicity in reference to 

TrxR1 regulation were further investigated. A majority of TrxR transcript variants 

showed increased expression with increasing doses of sodium selenite. However, 

impairment of protein synthesis by selenite was indicated by the fact the TrxR protein 

levels and activity did not follow the same pattern of upregulation.  

 

 

2.3.3 Paper III 

Expression profiles of thioredoxin family proteins in human lung cancer tissue: 

Correlation to proliferation and differentiation 

 

Several previous studies have reported the involvement of redox proteins in tumor 

differentiation and proliferation. Moreover, the differentiation of tumor cells is 

generally correlated to prognosis. With this in focus, tissue sections from 42 NSCLC 

patients were examined by immunohistochemstry to explore expression patterns of the 

thioredoxin superfamily of proteins as potential diagnostic markers. Antibodies against 

proteins Thioredoxin 1, Thioredoxin reductase 1, the isoforms TrxR1v.2,3,5, 

Glutaredoxin 1 and Glutaredoxin 2 were included in the study. The investigation was 

further expanded with additional tissue micro array samples. In a subgroup of the 

examined cases classified as adenocarcinoma, all proteins except TrxR1 showed a 

significant correlation to the degree of differentiation. In a subgroup of squamous 

carcinoma Trx1 and TrxRv.2,3,5 also displayed significant correlation to 

differentiation. In addition, Grx1 and Grx2 expression was shown to correlate reversely 

to proliferation in both adenocarcinoma and a Grx2 overexpressing HeLa cell line. In 

conclusion, correlation to differentiation and proliferation of Thioredoxin family 

proteins could possibly be exploited as novel predictive or diagnostic markers. 

 

  

2.3.4 Paper IV 

Inhibition of thioredoxin reductase reverts radiation resistance in human lung 

cancer cells 

 

In this study the involvement of the thioredoxin system in therapy resistance was 

further explored. More specifically, the resistance towards radiotherapy and 

connections to the Trx system were investigated through the combination of ionizing 

radiation and TrxR inhibition. A series of gold compounds were synthesized with the 

aim of optimizing TrxR-inhibition. One of these compounds,namely the phosphine 

gold(I) compound [Au(SCN)(PEt3)], proved to be highly efficient and selective in the inhibition 

of TrxR . This specific inhibitor was used in parallel with a radioresistant lung cancer cell 

line that was subjected to clinically relevant radiation doses. Cells subjected to radiation 

with simultaneous inhibition of TrxR displayed a significant decrease in the ability to 

repopulate after treatment as compared to cell treated with radiation alone. The results 

highlights [Au(SCN)(PEt3)] as both a novel efficient TrxR inhibitor and a potent 

radiosensitizing agent. Furthermore, the Trx system is strongly implicated in mechanisms 

underlying radioresistance. 
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3 CONCLUSIONS 

 

From the results presented in this thesis the following major conclusions were drawn: 

 

 The existence of alternative mRNA variants of TrxR1 previously suggested 

from studies based on database and cDNA library information was confirmed. 

 Two protein isoforms of TrxR1 were identified, one not demonstrated in 

humans before (TrxR1v.3) and one never before shown in any species 

(TrxR1v.5). 

 Expression levels of TrxR1 correlates to cell morphology in mesothelioma 

cells, possibly offering prognostic/diagnostic opportunities. 

 The hypothesis of selenite treatment as an alternative chemotherapeutic drug 

and a possible opportunity to circumvent drug resistance was further strengted. 

 Selenite induces expression of alternative TrxR mRNA variants in a dose-

dependent manner while impairing protein synthesis. 

 Inhibition of TrxR increases the cytotoxic effects of selenite. 

 Expression of Trx1, TrxR1v.2,3,5 isoforms, Grx and Grx2 correlate to 

differentiation in adenocarcinoma. 

 Expression of Trx1 and TrxR1v.2,3,5 isoforms correlate to differentiation in 

squamous cell carcinoma. 

 Expression of Grx1 and Grx2 correlates to proliferation in adenocarcinoma as 

well as in a Grx2 overexpressing cell line. 

 Thioredoxin family proteins could possibly be exploited as novel predictive or 

diagnostic markers. 

 Inhibition of TrxR is a potential strategy for achieving improved effects in 

radiation therapy. 
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4 GENERAL DISCUSSION AND FUTURE 

PERSPECTIVES 

 

With a central position in redox regulation, antioxidant defense and cellular signaling, 

TrxR1 is a target for intense study.  

 

In paper I the existence of alternative TrxR1 mRNA variants and protein isoforms was 

confirmed in human mesothelioma cells. However, very little is known about these 

isoforms and their functions. The treatment of tumor cells with selenite also proved to 

have interesting effects in TrxR1 expression with strong induction of transcription. The 

possible roles and involvements in normal cellular functions or pathogenic mechanisms 

of variant TrxR1 are interesting areas of future research. Furthermore, the fact that 

TrxR1 expression correlated with differences in cellular morphology raises interesting 

questions about the possible diagnostic role of TrxR1 expression profiling. 

 

In paper II the investigation of selenite as an alternative cytotoxic drug and its effects 

on TrxR1 regulation was continued on different tumor cells. Selenite treatment clearly 

induced a dose dependent response in the form of TrxR1 expression. Previous 

experiments have shown inhibitory effects of selenite on Both DNA and RNA 

synthesis (169, 170). However, in this study we found that at higher doses the 

translated amounts of protein and subsequent enzymatic activity was not in line with 

the transcriptional up-regulation. The mechanisms behind this discrepancy between 

transcription and translation of TrxR1 following selenite treatment are possible areas 

for further exploration.  

 

The concept of expression profiling as a diagnostic tool was further explored in paper 

III. This study included several other redox proteins of the Thioredoxin superfamily. 

Redox protein expression could be correlated to both differentiation and proliferation 

rate of human tumor cells. It is an appealing idea to use this knowledge in the 

development of clinical diagnostic protocols. 

 

The last paper explored the possibility of targeting TrxR as a means of achieving 

sensitization of lung cancer cell to radiation therapy. Results show that TrxR inhibition 

indeed had strong effect on cell survival after radiation treatment. The mechanisms 

behind this effect remain to be elucidated. In the continuation of this project data from 

micro array analyses performed on cellular material from these experiments will be 

used in an attempt to uncover effects on cellular pathways upon TrxR inhibition. In 

addition, experiments regarding possible improvements of the therapeutical efficiency 

of the cancer drug Taxotere in combination with TrxR inhibition are intended.  
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