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SUMMARY 

 A study was conducted exploring the post-transcriptional regulation of four antioxidant 

enzymes: glutathione peroxidase 1 (GPx1), manganese superoxide dismutase (MnSOD), 

glutathione peroxidase 4 (GPx4), and thioredoxin reductase 1 (TrxR1).  Glutathione peroxidase 

activity was analyzed in clinical samples from imatinib-treated patients with chronic 

myelogenous leukemia (CML), which is characterized by the presence of Bcr-Abl.  Studies were 

also conducted in the following human cell lines: KU812 and MEG-01 (CML), LNCaP (prostate 

cancer), and GM10832 (immortal B lymphocyte).  Breakpoint Cluster Region-Abelson (Bcr-

Abl) and Mammalian Target of Rapamycin (mTOR) were pharmacologically inhibited because 

their expression was expected to inhibit the protein levels of the selected antioxidants.  Levels of 

antioxidant protein and activity were measured in cell lines treated with imatinib or rapamycin, 

the latter of which inhibits mTOR.   

 Glutathione peroxidase activity was found to increase in 4 of 7 CML patient sample sets, 

which was recapitulated in the two CML cell lines utilized for this study, in which MnSOD and 

TrxR1 were also increased in response to imatinib treatment.  The increase of these three 

antioxidant proteins occurred only in CML cell lines.  The ectopic expression of Bcr-Abl in the 

prostate cancer cell line LNCaP significantly decreased GPx1 protein; however, MnSOD and 

TrxR1 were unaltered.  This indicates that GPx1 is potentially inhibited by Bcr-Abl, while 

MnSOD and TrxR1 could be increased in response to the intracellular effects of imatinib.  In 

imatinib-treated CML cells, GPx1 and MnSOD activity levels increased only marginally in 

comparison to protein levels.  This indicates that GPx1 and MnSOD may be post-translationally 

modified and that their activity is regulated independently of the post-transcriptional regulation 

that increased protein levels.   
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SUMMARY (continued) 

 Treatment of both CML and non-CML cell lines with rapamycin, which inhibits mTOR, 

significantly increased protein levels for GPx1, GPx4, and TrxR1, suggesting that the post-

transcriptional regulation of these proteins is dependent on the control of translation by mTOR 

and its downstream targets.  These are all members of the selenoprotein family, the translation of 

which is dependent on the recoding of the selenocysteine codon by a selenocysteine insertion 

sequence (SECIS) found in the 3’-UTR of selenoprotein mRNA.  The increase in these 

antioxidant proteins by mTOR inhibition illustrates a potential route by which selenoprotein 

translation may be regulated independent of selenium availability.  Analysis of the effect of 

mTOR inhibition on a reporter construct dependent on the GPx1 SECIS element for expression 

did not reveal a difference in activity in the presence of rapamycin.  This suggests that the 

mTOR-dependent translation of GPx1, GPx4, and TrxR1 may be via translation initiation and/or 

polypeptide chain elongation.   
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I.  INTRODUCTION 

A. Generation of reactive oxygen species 

 Historically, reactive oxygen species (ROS) such as superoxide and hydrogen peroxide 

(H2O2) were considered to be harmful to the cell and were culprits in DNA mutagenesis, cancer 

onset, aging, and cellular senescence [1].  Recent research has shown that while these molecules 

and their products can be harmful to the cell, they can also play a vital role in cellular 

homeostasis and signal transduction [2].  The presence of these radicals is also physiologically 

vital for immune function via inflammation and in signal transduction and cell cycle regulation 

[3,4].  Multiple antioxidant enzymes have evolved to aid in the maintenance of the balance of 

free radicals, and it is only when this balance is disrupted that ROS become harmful.   

1. Superoxide is generated primarily by cellular metabolism 

There are multiple intracellular sources of ROS that partition into different 

subcellular organelles.  For example, the mitochondria produce the majority of the cellular 

superoxide as a by-product of the electron transport chain-driven production of adenosine 

triphosphate (ATP) [5-7].  The process of ATP production utilizes oxygen and electron transfer 

to drive the oxidative phosphorylation of adenosine diphosphate (ADP) to form ATP, a primary 

energy source of the cell [6,8].  Of the four protein complexes involved in this process, 

complexes I and III leak electrons to molecular oxygen, producing superoxide.  The presence of 

an unpaired electron on this molecule makes it highly reactive, and in the absence of the 

mitochondrial superoxide dismutase (SOD) enzyme, damage can occur to mitochondrial DNA or 

membranes [2].  Superoxide produced in the mitochondrial intermembrane space can also be 

actively transported across the outer membrane to the cytosol via voltage-dependent ion channels 
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[9].  The presence of SODs can quickly dismutate exported superoxide and maintain the 

superoxide at its site of production.   

2. Superoxide dismutase enzymes protect against superoxide-induced cell 

damage 

The SOD antioxidant enzyme family consists of three distinct proteins, each 

containing a transition metal at their active site, and their primary function is to dismutate 

superoxide to H2O2, which is more stable and less reactive than superoxide [2,10].  The 

mitochondrial SOD is encoded by the SOD2 gene, and the constitutive homotetrameric protein 

contains manganese (Mn) at its active site, which must be inserted for maturation of the protein 

[11-14].  Manganese is inserted at the active site of manganese superoxide dismutase (MnSOD) 

following translocation of the immature protein into the mitochondrial matrix.  Superoxide 

produced by the electron transport chain is dismutated by the now-mature protein via an 

alternating reduction and re-oxidation of the Mn at the active site [12,14-17].   

Manganese SOD is an essential protein, as has been demonstrated in transgenic mice with 

a targeted deletion of SOD2 [18,19].  Transgenic deletion of SOD2 in mice is not embryonic 

lethal, but newborn pups are affected by cardiomyopathies, metabolic acidosis, and 

neurodegeneration, which are lethal within 10-21 days of parturition.  The overexpression of the 

cytosolic isoform of SOD had been hypothesized to overcome the deletion of MnSOD; however, 

there is no difference in phenotype between MnSOD-null mice and MnSOD-null mice that 

overexpress the cytosolic SOD [20].  Decreased MnSOD levels have been associated with the 

onset of renal disorders, and the targeted deletion of MnSOD in mice induces mild renal damage 

with kidney-specific increases in superoxide [21].  Additionally, autophagy and mitochondrial 

biogenesis appear to be inhibited in the absence of MnSOD expression, which results in severe 
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alterations in mitochondrial morphology and dysfunction [22,23].  Cell growth and proliferation 

are also regulated by MnSOD expression and activity.  Overexpression of MnSOD in NIH3T3 

mouse embryo fibroblasts and in multiple cancer lines inhibits cell growth and alters cell cycle 

progression [24-26].  The inhibition of cellular proliferation by MnSOD in vitro is further 

supported by ablation of MnSOD via RNA interference in vascular smooth muscle cells, which 

increases migratory and proliferative capacity as assessed through wound-healing and 

proliferation assays [27].  The activity of MnSOD in cell cycle progression decreases as the cell 

moves from G1 to S to G2, indicating that active MnSOD may inhibit cell proliferation [28].  

This decrease in activity was correlated with alterations in post-translational modifications of 

MnSOD, such as the addition of a methyl-group.  Additional post-translational modifications 

such as acetylation and phosphorylation have also been proposed, where phosphorylation may be 

dependent on cyclin-dependent kinase 1 (Cdk1)/cyclin B1 activity and activates MnSOD, 

whereas acetylation is inhibitory and activity is dependent on deacetylation by Sirtuin protein 3 

(Sirt3) [29-31].   

The inhibition of proliferation by MnSOD indicates that this antioxidant protein may be 

inhibitory in developing cancer.  For example, the expression of MnSOD is decreased in tumor 

tissues as compared to adjacent cancer-free tissue in at least breast and lung cancers [10,32,33].  

However, it also appears that MnSOD levels are increased during cancer progression, as multiple 

studies have indicated high levels of MnSOD are associated with poorer outcome [10].  

Expression of MnSOD in a skin cancer model of mice was inhibited early in carcinogenesis, but 

expression increased as the tumor progressed [34].  For example, maintained expression of 

MnSOD in tumors was associated with poor survival in lung cancer; in lung cancer cells, 

overexpression of MnSOD promoted tumor invasion and anchorage-independent growth in vivo 
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[35].  Thus, the overall impact of MnSOD in cancer initiation and progression is not entirely 

clear, as multiple studies have shown decreases in MnSOD in cancer tissue, but others have 

demonstrated an increase in expression concurrent with poorer outcome.   

The export of superoxide from the mitochondria, as well as the production of superoxide 

by cytosolic proteins such as nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

and xanthine oxidoreductase, necessitates the presence of additional SODs outside of the 

mitochondria.  There are two non-mitochondrial SODs: cytosolic SOD (Cu/ZnSOD) and 

extracellular SOD (ecSOD), both of which contain copper and zinc at their active sites [36-41].  

Extracellular SOD is synthesized and secreted by cells in organs where there is a high potential 

for ROS production, such as the lungs, pancreas, heart, kidneys, liver and skeletal muscle [42-

45].  Mice with deletions of either of these SODs are found to have normal phenotypes, except 

when challenged with a hyperoxic environment [46-51].   

3. Hydrogen peroxide is produced in multiple cellular compartments  

The production of superoxide within the mitochondria is a by-product of cellular 

respiration, and is potentially detrimental to the cell.  However, the production of superoxide in 

the cytosol is necessary in order to produce H2O2, an essential component of multiple cellular 

functions, such as signal transduction, gene transcription and host defense against invading 

pathogens [2].  The presence of multiple SODs catalyzes the rapid dismutation of superoxide to 

H2O2.  Xanthine oxidoreductase and NADPH oxidase are two of the cytosolic components 

responsible for the production of H2O2 via superoxide synthesis [52,53].  H2O2 is also readily 

produced at the peroxisomes, which are the main site of β-oxidation of fatty acids, the 

dismutation of cytosolic superoxide, and enzymatic reactions of flavin oxidase [54].   
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Regardless of its site of production, H2O2 must move throughout the cell as a component 

of signal transduction or outside of the cell for immune defense.  Hydrogen peroxide appears to 

be freely diffusible across both mitochondrial membranes, but in other less permissive lipid 

bilayers (such as the peroxisomes or the cell membrane), the movement of H2O2 across the 

membrane is dependent upon aquaporins [55-58].  Once within the cytosol or the appropriate 

subcellular organelle, H2O2 is able to interact with its signaling partners or is reduced to water by 

either catalase or one of the glutathione peroxidases (GPx) [59].   

4. Hydrogen peroxide is a vital component in pathogen defense and in signal 

transduction 

Hydrogen peroxide is a component in multiple cellular processes.  One is the 

defense against invading pathogens by an oxidative burst [52].  One primary cytosolic source of 

H2O2 and superoxide for the oxidative burst is NADPH oxidase, and H2O2 and superoxide are 

produced by neutrophils and monocytes at sites of inflammation and infection.  This high level 

of total ROS production for host protection can be both beneficial and harmful, as long-term 

exposure to ROS can lead to chronic inflammation, potentially resulting in irreversible tissue 

damage [60-62].  While the oxidative burst serves as host protection, ROS also participate in 

more finely controlled signal transduction and gene transcription, generally resulting in increased 

proliferation and survival.   

Transcription factors, kinases and phosphatases are the primary targets of ROS-induced 

signal transduction.  Hydrogen peroxide has been found to interact with many of these proteins 

through the oxidation of amino acid residues, such as cysteine, and by the formation of disulfide 

bonds [63,64].  Activity of H2O2-modified proteins is modulated by thiol-oxidation of redox-

sensitive cysteine residues known as s-glutathionylation, which changes protein structure, DNA 
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binding capabilities, and the ability to bind protein partners [63-66].  Protein tyrosine 

phosphatases are inactivated in the presence of H2O2 in a completely reversible manner by 

modification of a cysteine, while ataxia telangiectasia mutated (ATM) is activated by the H2O2-

induced formation of disulfide bonds [63,64].  These modifications appear to result in a pro-

proliferative and anti-apoptotic signal, which can lead to altered cell profiles and affect disease 

onset, such as in cancer.  The proliferative effects of H2O2 are only observed at low levels, 

typically less than 10 µM exogenously [67-72].  Doses above this are considered 

supraphysiologic and result in the induction of oxidative stress and an apoptotic response within 

cells.  This suggests that H2O2 has a biphasic effect within the cell, where low levels are 

proliferative, but higher levels are apoptotic, inducing the extracellular signal-regulated kinase 

(Erk) and p38 apoptotic pathways [70].  The addition of the antioxidant catalase in vitro, either 

by ectopic expression of the gene or through exogenous exposure in tissue culture media, 

resulted in inhibition of proliferation and cell survival in response to H2O2 signaling, 

demonstrating the cellular interplay between oxidants and antioxidants [73,74].   

5. Excess reactive oxygen species levels can be detrimental to cell function and 

DNA fidelity 

While H2O2 production has many benefits in cellular growth and signal 

transduction, excess levels can be harmful to the health of the cell, and the excess levels of H2O2 

often result in the induction of apoptosis or necrosis.  An increase in total ROS production can 

lead to an overabundance of H2O2 and other ROS molecules, such as superoxide and the 

hydroxyl radical.  ROS overproduction can result from overstimulation of NADPH oxidase or 

xanthine oxidase; however, the electron transport chain is responsible for the majority of excess 

ROS production [8,75-77].  High levels of superoxide are produced by the electron transport 
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chain when there is an alteration in the proton gradient, which under normal conditions flows 

from the intermembrane space into the matrix, and is altered if the availability of ADP for 

conversion to ATP is low.  A build-up of protons in the intermembrane space causes the 

components to be in a continuous reduced state, resulting in greater superoxide leakage from the 

transport pathway and damage to the mitochondria, which ultimately can damage the cell [8].   

Cellular damage also can occur from exposure to exogenous ROS.  Environmental 

sources of ROS, such as ionizing radiation, cigarette smoke and toxin exposure, also contribute 

to unmanageable ROS levels within the cell, and can have negative consequences on cell 

survival [78-80].  ROS within the cell can attack lipid membranes, protein and DNA.  Oxidation 

of lipid membranes can lead to membrane breakdown and leakage of harmful materials through 

the affected membrane.  Additionally, the damage can be propagated along the membrane, as the 

oxidized lipid reacts with neighboring lipid particles.  Proteins are also negatively regulated by 

H2O2, resulting in a cleavage of the peptide chain or oxidation of amino acids, which affects 

protein function or stability.  DNA can be modified by ROS indirectly (as a result of 

peroxidation of nearby proteins or lipids) or directly (by inducing base modifications).   

B. Multiple antioxidant proteins regulate hydrogen peroxide levels  

Excess superoxide must be managed by MnSOD or its cytosolic counterpart; in the 

absence of adequate SOD levels, superoxide can damage the mitochondria or other components 

within the cell [2].  Where SOD levels are able to maintain the dismutation of superoxide, excess 

H2O2 levels can lead to induction of apoptosis, altered signal transduction, and gene transcription 

or prolonged inflammation [67-72].  The maintenance of H2O2 levels is dependent on multiple 

antioxidant enzymes, including catalase, the thioredoxin system, and the GPx family.   
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1. Catalase reduces hydrogen peroxide under oxidative stress 

Hydrogen peroxide is reduced to water and molecular oxygen in order to control 

the levels of H2O2 within the cell.  Because H2O2 is found in multiple cellular compartments, 

several enzymes have evolved to manage its levels, such as the cytosolic and peroxisomal 

antioxidant enzyme catalase [81-83].  As with the SODs, a metal ion is found at the active site of 

the enzyme; in this instance, catalase contains heme [84].  The catalytic heme ion of the active 

site is located deep within a small hydrophobic channel, effectively limiting access to only 

hydroperoxides.  The reductive capability of heme is maintained by the cycling of the heme ion 

from a reduced to oxidized and back to a reduced state.  While catalase is maintained at a basal 

level, it is primarily induced in response to hyperoxic conditions and by the presence of pro-

oxidants, including exogenous sources of ROS [85,86].  Deletion of catalase in transgenic 

C57BL/6 mice delayed the rate of H2O2 decomposition, but no overt changes in phenotype were 

demonstrated in comparison to wild-type mice [87].  There was no increase in susceptibility to 

lung injury as assessed for the whole organ in these same catalase-deficient mice following 72-

hour exposure to hyperoxic conditions.  However, the damage incurred in these mice may not 

have been detectable at the whole organ level, as wild-type BALB/c mice exposed to hyperoxia 

for 24 hours showed histological evidence of lung damage [86].   

The induction of catalase in response to a pro-oxidant environment is not immediate, and 

is dependent upon prolonged exposure to hyperoxia, further demonstrating the necessity of 

catalase in oxidative stress conditions.  BALB/c mice exposed to hyperoxic conditions for 12-48 

hours did not demonstrate a marked increase in catalase enzyme levels until after 48-hours of 

exposure [86].  Exposure of tracheobronchial epithelial cells to exogenous, nontoxic levels of 

H2O2 resulted in a 3-fold increase in mRNA levels following an 18-hour exposure period [85].  
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Catalase deficiency, while not lethal, does lead to systemic disorders, particularly diabetes.  

Prolonged exposure to pharmacologically induced oxidative stress in catalase-deficient male 

mice resulted in the onset of a diabetic phenotype [88].  This association was also seen in 

humans with a rare congenital disorder, acatalasia, which results in a near-complete lack of 

catalase [89].  Analysis of familial groups afflicted with acatalasia has shown an increased 

frequency of diabetes in the affected population as compared to the general population [90].   

2. Thioredoxin and thioredoxin reductase maintain antioxidant reductive 

capacity 

Much of the maintenance of H2O2 levels within the cell is dependent on 

Thioredoxin (Trx), which is a substrate for the reduction of hydroperoxides [91].  The 

dithiol/disulfide active site of Trx cycles between oxidized and reduced states.  The maintenance 

of multiple antioxidant enzyme functions, such as peroxiredoxin, is dependent on the availability 

of reduced Trx to act as an electron donor [92].  In order to maintain Trx in a reduced state, the 

thioredoxin reductase family of proteins reduces the cysteine dithiol at the active site of Trx 

[93,94].  The active site of TrxRs is unique, in that while the antioxidant SODs and catalase 

utilize a transition metal at their active sites, TrxRs are dependent upon the selenium-containing 

selenocysteine for their activity.   

3. Thioredoxin reductase is an antioxidant selenoprotein  

The TrxRs belong to a group of proteins known as selenoproteins, which are 

defined by the presence of a co-translationally inserted selenocysteine (Sec), a selenium-

containing homolog of cysteine, at their active site [95,96].  The selenium at the active site is 

utilized as an antioxidant in a similar manner to the sulfur in cysteines, where the selenium is 
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converted between the reduced selenenylsulfide and the oxidized selenothiol forms for activity 

[93,97].   

The structure and function of each of the isoforms of the thioredoxin reductase (TrxR) 

protein family are similar.  All TrxR family members are homodimers arranged in a head-to-tail 

conformation, where both members of the dimer depend on the presence of the reactive Sec 

[93,98,99].  The reduced form of TrxR is made by a series of reductions, beginning with 

NADPH reducing a flavin adenine dinucleotide (FAD) bound to one of the TrxR subunits, which 

ultimately results in the formation of a selenothiol between the two subunits [93].  With the 

formation of the selenothiol, the protein is able to reduce other TrxRs, or react with Trx to reduce 

the disulfide at the active site.  Because the Trx system is dependent upon TrxR to maintain its 

redox state, it is dependent on the selenium (Se) status of the cell [100,101].  Decreases in Se 

availability affect the expression and activity of TrxR, which can cascade to affect peroxiredoxin 

and other Trx-dependent antioxidant turnover, as well as the turnover of other small molecule 

antioxidants like Vitamin C [102].  It is also possible that the TrxR family is involved in the 

maintenance of the availability of Se, as it has been shown that at least TrxR1 and possibly 

TrxR2 are able to convert selenite to selenide, the form of Se necessary for Sec synthesis 

[103,104].   

The main antioxidant function for all TrxR proteins is the same: to maintain Trx in a 

reduced state.  Where the three isoforms differ is in their localization and their overall 

importance to survival.  TrxR1 and TrxR2 are differentially located within the cell, with TrxR1 

localized primarily in the cytosol and TrxR2 primarily in the mitochondria, although some 

spliceoforms have been detected in the cytosol [105,106].  Deletion of either TrxR1 or TrxR2 is 

embryonic lethal at the midpoint of pregnancy in mice, indicating that these proteins are essential 
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for viability [107,108].  The third TrxR, known as thioredoxin glutathione reductase (TGR), is 

unique, in that it has the properties of a glutathione reductase and a thioredoxin reductase.  The 

amino-terminal of the protein contains a glutaredoxin domain, while the carboxyl-terminal has 

the canonical TrxR motif [109,110].  In mammals, TGR is found in elongating spermatids at the 

mitochondrial sheath, but is not detected in mature sperm, indicating that it may have a role in 

maturation and development of sperm [111].  Additionally, the primary intracellular effects of 

TGR enzyme activity are in the formation of disulfide bonds via the glutaredoxin domain.   

4. Thioredoxin reductase 1 has more than antioxidant properties  

In addition to its antioxidant properties, TrxR1 is necessary for growth and 

survival, where it is involved in multiple cellular functions, including the prevention of 

apoptosis, cellular proliferation, and DNA repair and synthesis [112].  Its direct involvement in 

multiple cellular pathways demonstrates its importance in cell growth and survival, and indicates 

that alterations in its expression and activity can be detrimental to health.  Indeed, TrxR1 is 

increased in oral cancer tissue as compared to normal tissue, and its expression is associated with 

poor prognosis in breast and tongue cancers [113-115].  Inhibition of TrxR1 inhibits growth of 

different tumor cell lines and increases cellular sensitivity to anticancer treatments; in 

xenografted mice, decreased TrxR1 limited invasive potential of the cells and tumor growth 

[116-119].  Increased levels of TrxR1 could create a permissive environment for progression of 

disease states, by inducing antioxidative stress and providing antioxidant protection against 

therapeutics that are effective by increased oxidative stress.   
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C. The glutathione peroxidase family: antioxidant selenoproteins  

1. Glutathione peroxidase activity is dependent on the antioxidant substrate 

glutathione 

Another important family of antioxidant enzymes is the GPx family.  Made up of 

both selenoprotein and non-selenoprotein members, these antioxidants have important roles in 

cell signaling, growth and survival, as well as being the primary reducers of hydroperoxides and 

lipid peroxides.  The GPx family is dependent on the presence of the small antioxidant molecule 

glutathione (GSH) as its substrate for catalysis of peroxide reduction [120].  GSH is a small 

tripeptide antioxidant molecule which is readily synthesized by the cell when necessary.  In 

addition to its role as a substrate for antioxidant proteins, GSH protects cells by detoxifying 

against drugs and other toxins, is a component in signal transduction (such as nuclear factor 

[NF]-κB activation and mitogen-activated protein kinase [MAPK] phosphorylation), and can act 

as a pro-oxidant [121].  It is a ubiquitous molecule, found in high intracellular concentrations 

ranging from 1 to 10 mM [36].  The antioxidant properties of GSH against ROS occur via 

enzymatic interactions with several different cofactors, such as the GPx family, or by a non-

enzymatic oxidation at the active site of the thiol group on cysteine [122,123].  GPx enzymes 

utilize GSH to convert H2O2 to water and molecular oxygen, which oxidizes GSH to glutathione 

disulfide (GSSG) [121].  The non-enzymatic oxidation of GSH via ROS can lead to the 

production of a thiyl radical and create a volatile compound of GSH; however, interaction 

between two glutathione anion (GS) radicals also forms GSSG.  The levels of GSH are 

maintained by the subsequent reduction of GSSG back to two GSH molecules by glutathione 

reductase [121].  In instances of extreme oxidative stress, where GSSG levels overwhelm 

glutathione reductase, or where glutathione reductase is otherwise impaired, multiple membrane-
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associated proteins export GSSG out of the cell [124].  Maintenance of GSH levels is critical to 

sustaining adequate GPx activity levels, especially in circumstances where ROS levels are high.   

2. Glutathione peroxidase enzymes detoxify hydrogen peroxide and lipid 

peroxides 

The antioxidant GPx family consists of five Sec-containing members and three 

non-Sec-containing members [125,126].  These antioxidant enzymes detoxify H2O2 and lipid 

peroxides via the oxidation of GSH and are found within multiple cellular compartments as well 

as in plasma.  As with the active site of TrxR1, the active site of the selenoprotein portion of the 

GPx family contains Sec, which is conserved across the five different GPx selenoprotein 

isoforms [127].  The mechanism of peroxide reduction appears to be the same for all of the 

isoforms, a multistep Ping-Pong type mechanism, oxidizing GSH as a substrate to catalyze the 

reaction [5,7].  The selenol group of the Sec is oxidized to selenenic acid following interaction 

with peroxides, which is subsequently reduced by GSH to a glutathiolated selenol intermediate.  

To return the active site back to its reduced state, an additional GSH molecule is oxidized, 

converting the glutathiolated selenol to a selenol.   

3. Glutathione peroxidase selenoprotein expression is dependent on selenium 

status   

All members of the GPx family are responsive to Se status.  However, there is a 

hierarchy within which different selenoproteins are preferentially translated, where GPx1 and 

GPx3 levels and translation are most sensitive to Se deficiency [128,129].  The translation of 

GPx4 and GPx2 is less affected by Se deficiency; in some cases, GPx2 expression is increased 

during deficiency [130,131].  The mechanism by which this differential regulation occurs is 

unclear, but at least for GPx1, it has been shown that its mRNA is less stable during deficiency, 
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when the transcript is susceptible to nonsense-mediated decay [132,133].  Additionally, the 

translation of selenoproteins is dependent on the binding of the multiple accessory proteins to the 

selenocysteine insertion sequence (SECIS), a stem-loop structure in the 3’-UTR of selenoprotein 

mRNA, which is necessary for recoding the selenocysteine UGA codon [134].  One of these 

proteins, SECIS-binding protein 2 (SBP2), binds the base of the SECIS stem-loop structure, and 

its binding site there can be blocked by eukaryotic initiation factor (eIF)4a3, which appears to 

only bind those selenoproteins most susceptible to inhibition during Se deficiency [135-138].  In 

Se-adequate conditions, eIF4a3 does not bind the SECIS, allowing for access of SBP2 at the base 

of the stem-loop structure in the SECIS element.  This mechanism reveals a way by which a cell 

maintains the expression of its most vital selenoproteins while allowing less important proteins 

to decrease in expression.  This demonstrates the redundancy that the antioxidant system has in 

protecting from ROS, as the loss of multiple antioxidant selenoproteins is not catastrophic to the 

cell.   

4. The glutathione peroxidase selenoprotein family members 

The GPx family members have similar structure and function, with the exception 

of GPx4.  They are all homotetrameric proteins, with subunit molecular weights of 

approximately 23 kilodaltons (kDa); however, GPx4, the phospholipid hydroperoxide GPx, is 

monomeric, but with a similar molecular weight [139-143].  GPx1 and GPx4 are both ubiquitous 

selenoproteins, whereas GPx6 and GPx2 are only found within certain organs.  GPx6 has only 

been found within the olfactory epithelium, and very little is known or has been characterized 

about this selenoprotein [125].  GPx3 is found in the plasma as a secreted antioxidant protein 

following synthesis within the proximal tubule of the kidney [144].  In cancer, GPx3 is found to 

have decreased expression compared to normal tissue, potentially as a result of hypermethylation 
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of the gene [145-148].  GPx2 is a cytosolic GPx found primarily in the epithelial cells of the 

gastrointestinal tract, including in the esophagus, but has also been detected in the liver [149].  

Inflammation and pathogens are common in the gastrointestinal tract, and it is possible that 

GPx2 has a primary role in protecting against damage as a result of inflammation and pathogenic 

attack [150-152].  GPx2 is a potential factor in the onset of pre-cancerous lesions such as 

Barrett’s esophagus or in colorectal adenoma, where GPx2 expression is associated with 

increased cellular proliferation [153-155].  Increased expression has also been detected in lungs 

exposed to cigarette smoke [156,157].  Initiation of a malignant phenotype of these pre-

cancerous lesions decreases GPx2 expression [158].   

5. The antioxidant glutathione peroxidase 4 regulates fertility, cell viability, and 

inflammation 

The reduction of phospholipid hydroperoxides is targeted by GPx4, which is the 

only member of the GPx family that targets this substrate [159,160].  Thus, it is primarily found 

at lipid membranes, with three isoforms localizing to the mitochondria, nucleus, or cytosol [161].  

The three isoforms are transcribed from the same gene, but with alternative promoter regions and 

start sites.  GPx4 is found in most tissues and is an essential protein, as it is the only member of 

the GPx family where transgenic deletion of GPx4 is embryonic lethal in mice, and pups die 

mid-gestation [162,163].   

In addition to its antioxidant properties, GPx4 also affects male fertility, protects against 

apoptosis and mediates inflammation.  GPx4 is a necessary component in spermatogenesis and in 

the viability of mature spermatozoa [164].  It is not enzymatically active, but is instead a 

structural protein within the mitochondrial sheath [164-166].  Mice that are carrying targeted 

deletions of total GPx4 in spermatocytes are infertile, with a severe decrease in sperm count, and 
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the targeted deletion of the mitochondrial isoform in spermatocytes confers infertility [165,167].  

Overexpression of GPx4 in vitro demonstrates that both the nuclear and mitochondrial isoforms 

of the protein protect against apoptosis by limiting the release of cytochrome c from the 

mitochondria [168,169].  GPx4 is also involved in the inflammatory process, by inhibiting 

lipoxygenase activity through the availability of lipid hydroperoxides and thus limiting the 

production of the inflammatory mediator leukotrienes [170,171].  Therefore, GPx4 has multiple 

important roles within the cell: as antioxidant, in inflammation and cell death, and as a structural 

protein in spermatogenesis.   

Overall, the antioxidant properties of GPx4 affect inflammation and apoptosis by limiting 

the availability of phospholipid hydroperoxides or by limiting the ability of cytochrome c to exit 

the mitochondria; it achieves both of these by protecting against the generation of pro-apoptotic 

ROS [168].  Both inflammation and apoptosis can have consequences in the onset of disease.  

Decreased GPx4 expression in a mouse xenograft model resulted in a more highly vascularized 

tumor than grafts with normal GPx4 expression levels, and the decreased GPx4 levels 

corresponded with increased lipoxygenase activity, indicating that GPx4 levels affect tumor 

phenotype and aggressiveness [172].  Indeed, GPx4 levels are found to be negatively correlated 

with breast cancer tumor grade, where higher-grade tumors have lower GPx4 levels [173].  

These data indicate that GPx4 is protective against tumor development, and that the inhibition of 

GPx4 expression could have negative consequences related to tumor initiation and progression.   

6. Cytosolic glutathione peroxidase 1 is a ubiquitous antioxidant protein 

The most abundant member of the GPx selenoenzyme family is GPx1.  This 

antioxidant is ubiquitously expressed, and was first described as a selenoprotein in 1973 [174].  

While it is predominately a cytosolic protein, GPx1 has also been found localized to the 
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mitochondria, despite the lack of a mitochondrial-targeting sequence in its amino terminus [175].  

The mechanism by which GPx1 enters into the mitochondria is not yet elucidated, but its 

presence indicates that it may play a role in protecting the mitochondria against high levels of 

oxidative stress or in the regulation of mitochondrial-dependent cell signaling via H2O2 levels 

[176-178].  Deletion of GPx1 in transgenic mice results in no abnormal phenotype, unless they 

are challenged with excessive levels of oxidative stress [179].  Treatment of GPx1-null mice 

with the oxidative stress-inducers paraquat or diquat at levels far below the LD50 in wild-type 

mice is lethal, which indicates that GPx1 is vital in the presence of excessive oxidative stress 

[180].  In another mouse model with targeted GPx1 deletion, cigarette smoke exposure increased 

markers of inflammation, which were reversed following exposure to the GPx1 mimic ebselen 

[181].  Both of these models indicate that, while GPx1 is not essential to normal growth and 

development, it is essential to survival in the presence of excess levels of ROS [176-

178,180,181].   

7. Properties of glutathione peroxidase that affect cell growth and proliferation 

Glutathione peroxidase 1 has been shown to be involved as a regulator of 

apoptosis, and has potential as a modulator of protection against DNA damage and decreased 

proliferative capacity.  The first demonstration of GPx1 inhibiting apoptosis was shown in vitro 

utilizing GPx1 overexpression in B-cells deprived of interleukin-3 [182].  It had been 

hypothesized that the apoptotic inhibitor B-cell lymphoma-2 protein (Bcl-2) prevents apoptosis 

via an antioxidant pathway, which was demonstrated by the overexpression of GPx1.  GPx1 

overexpression in a breast cancer cell line was shown to inhibit the cluster of differentiation 95 

(CD95)-induced apoptotic response through the inhibition of effector caspase activation and 

DNA fragmentation [183,184].  Inhibition of GPx1 by GSH depletion resulted in the induction of 
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apoptosis.  The inhibition of apoptosis by GPx1 was upstream of the mitochondrial release of 

apoptotic factors, as overexpression inhibited the release of cytochrome c and cleavage of 

caspase-3.  In human endothelial cells, the overexpression of GPx1 resulted in a decrease in the 

pro-apoptotic signaling protein Bcl-2-associated X (Bax) mRNA and protein levels [185].  

Analysis of hepatocytes from GPx1-null mice showed an increased susceptibility to ROS-

induced apoptosis as compared to hepatocytes from wild-type mice [186].   

Glutathione peroxidase 1 has also been implicated as a potential factor in the prevention 

of DNA damage.  The MCF7 breast cancer cell line does not express endogenous GPx1, making 

it an ideal model system with which to investigate the effects of the presence or absence of GPx1 

[187].  Ectopic expression of GPx1 in MCF7 cells treated with UV-radiation decreased the 

number of micronuclei formed as a result of DNA damage compared to cells which did not 

express GPx1 [188].  This protection was independent of Se supplementation, which has also 

been implicated in prevention of DNA damage.  Protection against DNA damage is decreased in 

mice with a targeted deletion of GPx1 and a deficiency in MnSOD [189].  These mice have 

increased levels of both DNA and protein oxidation, indicating that both GPx1 and MnSOD may 

be protective against DNA damage.   

While GPx1 is shown to potentially inhibit apoptosis and protect against DNA damage, 

there is evidence that GPx1 may also regulate proliferation.  This is demonstrated in vitro: T-

helper cells with deletion of GPx1 had increased ROS levels and faster proliferation rates than T-

helper cells that expressed GPx1 [190].  The overexpression of GPx1 in Chang liver cells 

attenuates cellular proliferation as determined by [
3
H]-thymidine incorporation, supporting that 

GPx1 may inhibit proliferation by decreasing the activation of EGFR [177].  In vivo, ventricular 

mass and rates of cardiac hypertrophy were increased by transgenic deletion of GPx1
 
and 



19 

 

 

treatment with angiotensin II, a vasoconstrictor that can induce hypertension [191].  The role of 

GPx1 in regulating cellular proliferation and protecting against DNA damage may potentially 

indicate why GPx1 has been found deleted or decreased in multiple cancer types when compared 

to normal tissue [187,192-195].   

8. Glutathione peroxidase is associated with risk or progression of multiple 

diseases 

GPx1 is associated with susceptibility or development of several types of 

diseases, such as cancer, diabetes and cardiovascular disease.  The involvement of GPx1 in these 

diseases can be attributed to alterations in the management of oxidative stress, such as from 

environmental factors that increase ROS levels or from functional alterations as a result of single 

nucleotide polymorphisms (SNPs) [196-198].   

a. Glutathione peroxidase is deleted in multiple cancer types  

Decreased GPx1 levels have been found in multiple cancer types, with the 

loss in GPx1 resulting from deletion of its chromosomal region (3p21) and was been detected in 

cancers of the head and neck, breast, lung and colon [187,192-195].  These deletion studies 

indicate that GPx1 may be deleted early in cancer; however, the sample sets were generally small 

(< 100 cancer sets), and the loss of GPx1 may have been a bystander effect to the loss of the 

DNA repair enzyme human 8-oxoguanine DNA N-glycosylase 1 (hOGG1), which is in the same 

chromosomal region as GPx1 [188,193-195].  The loss of both GPx1 and hOGG1 may result in 

an overall increase in DNA damage and could increase cellular proliferation rates.   

b. Allelic variations in glutathione peroxidase enzyme activity  

Genetic variations in GPx1 may alter its function, such that it could affect 

disease onset and severity.  GPx1 is polymorphic, with approximately 38 polymorphisms, most 
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of which are not found within the open reading frame but in the 5’ and 3’ flanking regions [196].  

The most well characterized is a C>T alteration in codon 198, which results in a proline to 

leucine (Pro198Leu) alteration in the polypeptide chain.  There is also a trinucleotide repeat near 

the amino terminus, which modifies the number of alanines present within the polypeptide chain, 

resulting in the presence of five to seven alanines.  The functional consequences of Pro198Leu 

are not completely understood, but it has been implicated as a risk factor in cancer.  In vitro, the 

leucine (Leu) allele is shown to have a decreased responsiveness to selenium supplementation; 

the induction of GPx1 is lower for an equivalent selenium treatment in recombinant MCF7 cells 

expressing the Leu allele than for those expressing the Pro allele [187].  When the Pro198Leu 

polymorphism was combined with the trinucleotide repeat variation in MCF7 cells, GPx1 

activity was generally lowest in cells with five alanines and the Leu allele, but it also had the 

highest level of induction following Se supplementation [199].   

The Pro198Leu polymorphism affects GPx activity in vivo.  In humans, carriers of the 

Leu allele of GPx1 had lower GPx activity in comparison to Pro carriers; the effect was greater 

in males than females and depended on Se levels [200-202].  As with the above-mentioned 

MCF7 supplementation study, humans with similar plasma Se levels but different GPx1 

genotypes had significantly different GPx activity and responded differently to Se 

supplementation [199,202].  In a study to assess the effect of Se supplementation on GPx activity 

in relation to Pro198Leu, significant differences in GPx activity were detected only when basal 

plasma Se levels were below 1.15 µM [203].  In the general population, no difference in plasma 

GPx enzyme activity was detected between Pro carriers and Leu carriers.  When those study 

participants were stratified by baseline Se status, a significant interaction was detected between 

genotype and supplementation; Pro carriers had a twofold higher induction in activity over Leu 
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carriers, indicating that the polymorphic effect was most pronounced when Se levels were low 

enough to have not yet maximized GPx activity.   

c. Cancer risk is increased by glutathione peroxidase 1 polymorphisms 

 The allelic differences in GPx1 not only change enzyme activity, but also 

have been associated with increased risk of disease.  There was an association between the Leu 

variant and the risk of developing bladder and breast cancer, especially when polymorphisms of 

MnSOD were also included in risk analysis [204,205].  The Pro198Leu polymorphism was 

associated with increased risk of lung, prostate, colorectal, bladder and liver cancers and was 

weakly associated with lymphoma [206-211].  Many of these studies were small or were 

confounded by multiple environmental factors that also confer risk, such as alcohol and smoking.  

Multiple other studies have shown no association between Pro198Leu and risk of cancer.  In a 

meta-analysis of 35 journal articles pertaining to GPx1 polymorphisms and cancer, there was no 

association between Pro198Leu and cancer risk from publications that the meta-analysis authors 

assessed to be of higher quality; factors affecting study quality were related to control selection 

(generally, lower quality publications had no matched controls or hospital-based controls) [212].  

A similar meta-analysis of studies on prostate cancer risk had a similar result, although study 

quality was not assessed [213].  Multiple additional factors affect susceptibility of cancer in 

association with the polymorphisms, including race, cigarette exposure, age and presence of 

additional polymorphisms.  Risk of colorectal cancer is only increased for Leu carriers when 

alcohol consumption and smoking are factored in [214].  Conversely, genotype and smoking 

were not associated with risk of prostate cancer in a large cohort assessing the effects of β-

carotene and retinol supplementation on the risk of lung cancer [215].  These studies indicate a 



22 

 

 

potential role that genetics may play in cancer susceptibility; however, the associations between 

Pro198Leu and cancer have not yet been completely elucidated.   

d. Obesity and increased reactive oxygen species increase diabetes risk 

via glutathione peroxidase 1  

Altered regulation of GPx1 has been implicated as a potential factor in the 

development of metabolic diseases such as diabetes mellitus (DM).  Diabetes mellitus is 

characterized by the presence of high blood glucose and poor tissue glucose uptake due to insulin 

resistance or hyperinsulinemia [216].  One of the greatest risk factors for DM is obesity 

stemming from a high-fat diet [217].  Excess fat cells secrete factors that contribute to the 

desensitization of the insulin receptor and its response to insulin, thus negatively affecting 

glucose uptake [198].  Increased bodyfat levels also lead to an overall increase in ROS levels and 

oxidative stress levels, which can increase GPx1 levels and impact insulin production in humans, 

mice and rats [197,218,219].  Mice overexpressing GPx1 exhibited hyperglycemia, 

hyperinsulinemia, and increased leptin levels and had a higher body-fat percentage [220].  

Increased GPx activity in pregnancy is correlated with an increase in insulin resistance over the 

course of gestation in humans [221].  Pregnant mice fed a high-selenium diet (which increases 

GPx activity) developed gestational diabetes or diabetes shortly following parturition, and 

offspring developed diabetes as adults, indicating that increased GPx activity alters susceptibility 

to diabetes in both the mother and in offspring [222].  GPx1-null
 
mice have decreased plasma 

insulin levels and increased islet β-cell mass in the pancreas as compared to wild-type controls, 

further demonstrating how GPx1 modifies insulin levels and affects the onset of DM [223].  

Mice fed a high-fat, Western style diet can develop insulin resistance, but, in the absence of 

GPx1, insulin resistance does not occur [224].  This effect is reversible by concomitant treatment 
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with n-acetyl-cysteine, a potent antioxidant which can substitute the effects of GPx1.  

Interestingly, when GPx1 is overexpressed exclusively in the pancreas, it is found to decrease 

hyperglycemia in mice with streptozotocin-induced diabetes [225].  Unlike in cancer, where 

GPx1 levels are sometimes decreased, increased GPx1 levels appear to increase risk of DM in 

conjunction with obesity, which is associated with an increase in ROS levels.   

e. Glutathione peroxidase 1 and selenium intake affect onset of 

cardiomyopathies  

Low GPx activity can alter susceptibility to developing severe 

cardiomyopathies, such as Keshan disease.  Keshan disease is a severe cardiomyopathy endemic 

to regions of China where soil Se is low, creating a severe Se deficiency in the population [226].  

In these regions, extremely low Se intake results in severely decreased GPx1 levels, and where 

Se supplementation programs exist, disease incidence has decreased significantly [227].  The 

susceptibility of developing Keshan disease is associated with concurrent infection with the 

Coxsackie virus [228].  Selenium-deficient mice infected with Coxsackie virus have increased 

incidence of myocarditis [229].  The onset of a cardiomyopathy is dependent on GPx1 

expression, as transgenic GPx1 knockout mice infected with Coxsackie virus develop 

myocarditis, whereas uninfected knockout mice and wild-type Coxsackie-infected mice do not 

[230].  Further evidence of a protective effect against cardiomyopathies by GPx1 is shown in 

mice that overexpress GPx1 and are treated with the cardiotoxin doxorubicin; these mice have a 

lower incidence of cardiomyopathies than wild-type control mice [231].   

9. Regulation of glutathione peroxidase 1 

Regulation of GPx1 occurs at multiple levels, from transcription initiation to post-

translational modifications.  The association of GPx1 with onset of multiple diseases indicates 
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how important it is to understand regulation of GPx1 expression and how this can impact 

management of oxidative stress and disease.  Transcriptionally, the GPX1 gene contains multiple 

common promoter elements which both up- and down-regulate its rate of transcription.  

Transcript stability and translation are highly dependent on the availability of Se, as well as on 

accessory proteins which aid in recoding the UGA Sec codon from a stop codon.  Finally, there 

is evidence of modification of GPx1 through either phosphorylation or acetylation [232,233].   

10. Glutathione peroxidase 1 transcription is dependent on reactive oxygen 

species levels 

The GPX1 promoter region contains multiple promoter sites that are responsive to 

ROS levels.  These promoter sites include the oxygen response element (ORE), the p53 

consensus-binding site and NF-κB and activator protein-1 (AP-1) binding sites [234-237].  

Binding to these promoter sites is regulated by changes in oxygen tension and ROS levels as 

detected in the cytosol.  The two ORE sites within the GPX1 promoter region regulate GPx1 

transcription under normoxic conditions, while under hypoxic conditions the associated ORE-

binding proteins dissociate from the DNA, silencing GPx1 transcription [234].  Conversely, the 

NFκB and AP-1 sites are activated under oxidative stress and hyperoxia, which result in 

enhanced rates of GPx1 transcription and increased antioxidant capacity in the cell [236].  The 

NFκB and AP-1 transcription factors are both activated in the cytosol and translocate to the 

nucleus in response to cell stressors (e.g., increased ROS, cytokines, and pathogens), and activate 

the transcription of a variety of antioxidant response genes, including MnSOD and catalase 

[238,239].  Binding of p53 to the promoter regions increases transcription of GPx1 (possibly in 

response to increased oxidative stress) and may contribute to the regulation of the apoptotic 

response by p53 [235,237].  The transcriptional regulation of GPx1 is primarily in response to 
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alterations of the cellular environment, especially in response to ROS and increased oxygen 

levels, demonstrating the importance of GPx1 and other antioxidant enzymes in the maintenance 

of steady-state ROS levels.   

11. Glutathione peroxidase 1 translation is increased in a selenium-dependent 

manner  

While many ROS-sensitive elements regulate GPx1 transcription, the post-

transcriptional regulation of GPx1 is in response to availability of Se and is regulated via the 

unique features of selenoproteins.  GPx1 is a Se-sensitive enzyme, where expression is decreased 

in Se-deficient conditions, as described in Keshan disease [227].  In Se deficiency, GPx1 mRNA 

is sensitive to nonsense-mediated decay, where mRNA is degraded following detection of a 

premature stop codon (such as UGA) by the ribosomal translation machinery [132].  The UGA 

codon also encodes for the selenocysteine amino acid, which is found in the first exon at codon 

46 of GPx1 [240].  Recoding the UGA codon from a stop codon to a selenocysteine codon 

requires the SECIS element within the 3’-untranslated region (UTR); in Se deficiency, the 

SECIS is unable to recode the UGA, leading to the detection of a premature stop codon and 

decay of the transcript [134].  Detection of a nonsense codon is dependent on its location relative 

to an exon-exon boundary, where an exon-junction complex (EJC) of multiple proteins is bound 

[133].  If the nonsense codon is detected upstream of the EJC during translation, the transcript is 

signaled for degradation within the cytoplasm [241].   

The SECIS is a critical element in the recoding of the UGA codon, and it is bound by 

multiple accessory proteins that regulate Sec incorporation into the growing polypeptide chain 

[138,242-245].  Most of these proteins bind the SECIS or the Sec transfer RNA (tRNA), 

regardless of Se status.  The protein SBP2 binds the SECIS stem-loop structure and recruits the 
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selenoprotein-specific elongation factor and tRNA
[Ser]Sec

 to the ribosomal complex [135,136].  

Without this protein, SECIS-recoding does not occur in the majority of selenoproteins, with the 

exception of Selenoprotein P, GPx2 and GPx4, which are translated regardless of Se status 

[128,130,131].  Deficiencies in SBP2 have been detected in humans; while it is not fatal, it does 

result in a multi-system selenoprotein deficiency with a complex disease phenotype affecting 

multiple organ systems [246].  Levels of the majority of the 25 selenoproteins are decreased, 

with consequences on thyroid hormone levels, muscle development, fertility and fat mass, 

highlighting the importance of selenoproteins in prevention of multiple disorders.  The binding 

of SBP2 to the SECIS is interrupted by eIF4a3, which senses Se availability in the cell and binds 

the mRNA of those selenoproteins which are most sensitive to Se availability [138].  Both 

eIF4a3 and SBP2 compete for the same binding site on the SECIS, and when eIF4a3 is bound, it 

blocks the ability of SBP2 to bind, preventing UGA recoding.  Glutathione peroxidase 1 is one of 

the most Se-sensitive proteins, and thus is susceptible to inhibition by eIF4a3 [129].   

Selenium levels also affect the distribution of the tRNA isoacceptors necessary for Sec 

insertion into the polypeptide chain.  The addition of a methyl-group onto the 

methylcarboxymethyl-5’-uridine at the wobble position (position 34) of the anticodon is 

dependent on selenium availability; in Se sufficient conditions 2’-O-methylation occurs, and the 

presence of 2’-O-methylation is considered the mature form of tRNA
[Ser]Sec

 [247].  Transgenic 

mice with mutations of the isopentenyladenosine at position 37 of the tRNA have altered 

distributions between methylated and unmethylated tRNA
[Ser]Sec

, with a shift towards the less 

active unmethylated form [248].  Analysis of selenoprotein expression in these animals reveals 

that expression of multiple selenoproteins is decreased by the shift away from the mature 

tRNA
[Ser]Sec

, including GPx1, which was found to be significantly decreased in all tissues 
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investigated [247].  The methylation state of the tRNA is changed by Se availability, which is 

detected in an unknown manner by SECp43 and soluble liver antigen [248,249].  The availability 

of Se alters accessibility of the SBP2-binding site in the 3’-UTR and the methylation state of the 

tRNA
[Ser]Sec

, both of which can potentially affect GPx1 levels and thus are potential pathways to 

investigate additional routes of post-transcriptional regulation of GPx1.   

12. Post-translational modifications of glutathione peroxidase 1 affect enzyme 

activity  

Glutathione peroxidase 1 is regulated post-translationally, either through 

irreversible modification of the Sec by ROS or modification of the peptide chain by the addition 

of functional groups such as phosphate or acetate.  When high levels of ROS are present, the Sec 

at the active site of GPx1 can be converted to a dehydroalanine, permanently inactivating the 

enzyme activity of GPx1 [250,251].  Lifestyle factors such as smoking or obesity can increase 

ROS levels and negatively impact GPx1 function by inactivating the protein [156,157,198].  

Obesity or smoke exposure can increase GPx1 levels in response to high ROS levels, but ROS 

increases can inactivate GPx1, resulting in an imbalance of antioxidant and oxidant levels.   

Glutathione peroxidase 1 may also be regulated by reversible modifications, such as 

acetylation and phosphorylation.  A proteomic screen for acetylated proteins indicated that GPx1 

is predicted to be acetylated at lysine 88, which may inhibit its activity, and that it may be 

deacetylated by Sirt3, a mitochondrial deacetylase [233,252].  Acetylation of multiple proteins is 

increased by chronic alcohol intake, and GPx1 is acetylated in rats fed a high-alcohol diet 

[252,253].  Inhibition of GPx1 by acetylation could be a factor in alcohol-induced liver damage, 

as chronic alcohol consumption increases ROS levels in the liver, with negative effects on 
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proteins, DNA, and lipids [254].  Finally, the non-receptor tyrosine kinases c-Abl and Arg have 

been shown to phosphorylate GPx1 at tyrosine-96, increasing enzymatic activity [232].   

Inhibition of c-Abl via the Abl-specific inhibitor imatinib mesylate (STI-571, Gleevec) 

decreased GPx1 enzyme activity in HEK 293 and SH-SY5Y cells [232].  FLAG-tagged GPx1 

was found to co-immunoprecipitate with a Myc-tagged c-Abl, with a phosphorylation site 

determined to be the tyrosine at codon 96.  However, a study by our laboratory was unable to 

confirm a phosphorylation site in GPx1 by direct analysis of the protein by mass spectrometry, 

phosphoprotein detection assays, or through the mutation of the phosphorylation site [199].  The 

addition of a tag to either the amino- or carboxyl-terminus of GPx1 can potentially affect the 

structure of the protein and the interaction between subunits [196,199].  The presence of even a 

small tag could modify the tertiary structure of the protein and affect binding affinities between 

proteins or the expression levels of the proteins of interest, potentially inducing an interaction 

which does not occur in vivo [255,256].  The terminus utilized for FLAG-tagging can alter 

expression, with differential effects in tagging the amino- versus the carboxyl-terminus [255].  It 

is evident that there is a potential for regulation of GPx1 by post-translational modifications; 

though a direct mechanism of regulation by c-Abl has not been confirmed, treatment of 

neuroblastoma cells with imatinib decreased GPx activity, and overexpression of c-Abl in 

HEK293 cells increased endogenous levels of GPx1 [199,232].  These data indicate that there is 

regulation of GPx1 by c-Abl, which could have impacts on the expression and regulation of 

GPx1 and the maintenance of ROS levels in the cell.   

D. Understanding the regulation of glutathione peroxidase 1 

 Changes in GPx1 levels may impact the maintenance of cell viability and human disease 

by H2O2, affecting proliferation and apoptosis, and potentially damaging the cell [2,120].  The 
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post-transcriptional regulation of GPx1, independent of Se levels, is not well understood, nor is 

the effect of post-translational modifications in regulation of enzyme activity.  The evidence of 

regulation by the non-receptor tyrosine kinase c-Abl indicates a previously unexplored 

mechanism by which GPx1 levels may be modified [232].  It was not investigated if c-Abl 

affected GPx1 transcript or protein levels, but provides compelling enough evidence of an 

alternative route of regulation to warrant further investigation.  In order to determine whether the 

observed in vitro effects of imatinib on GPx1 levels were biologically significant and occurred in 

treated individuals, clinical samples were obtained by our lab for analysis.   
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II.  CHANGES IN THE ACTIVITY OF THE GLUTATHIONE PEROXIDASE 1 

ANTIOXIDANT SELENOENZYME IN MONONUCLEAR CELLS FOLLOWING 

IMATINIB TREATMENT
1
 

 

A.  Introduction 

The non-receptor tyrosine kinase c-Abl and its derivative oncogene breakpoint cluster 

region Abelson (Bcr-Abl) are directly inhibited by the targeted kinase inhibitor imatinib, which 

also targets c-Kit and platelet-derived growth factor receptor (PDGFR) [257,258].  Imatinib is 

the preferred first-round treatment for chronic myelogenous leukemia (CML), which is 

characterized by the presence of Bcr-Abl, a fusion protein that is the result of reciprocal 

translocation between the c-Abl region of chromosome 9 and the Bcr of chromosome 22 

[259,260].  Bcr-Abl is a constitutively active cytosolic tyrosine kinase that effects the malignant 

transformation of myeloid cells and in addition to other pathways, signals for increased cellular 

proliferation and survival via the PI3K/Akt/mTOR pathway [261].  The fusion of Bcr to c-Abl 

maintains all but the first exon of c-Abl, preserving the majority of its regulatory domains 

[262,263].  Because GPx activity levels have been shown to be directly affected by c-Abl and 

imatinib treatment in culture, it was investigated whether this observed phenomenon occurs in 

CML patients treated with imatinib for disease.   

B.  Materials and methods 

 GPx activity was determined from archived mononuclear cells obtained from patients 

before and after undergoing imatinib therapy.  Because the amount of protein available was 

insufficient to perform the assay multiple times, the reproducibility of the assay was established.  

                                                 
1
 Adapted from Terry, EN et al. Changes in the activity of the GPx-1 anti-oxidant selenoenzyme in mononuclear 

cells following imatinib treatment. Leuk Res, 2011. 35(6): p. 831-3. 
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Protein extracts were prepared from the KU812 and MEG-01 human CML cell lines (American 

Type Culture Collection, ATCC, Manassas, VA) by sonication in 0.1 M NaPO4 buffer and spun 

at 14,000 rpm to pellet cell debris.  Extracts were freeze-thawed and assayed for GPx activity by 

a coupled spectrophotometric assay, which measures the oxidation of NADPH at 339 nm [264].  

Oxidation of NADPH (0.25 mM, Sigma-Aldrich Corporation, St. Louis, MO) occurs by the 

reduction of GSH (5 mM, Sigma-Aldrich) by GSH reductase (1 U/mL, Sigma-Aldrich), and this 

is coupled to the reduction of H2O2 (65 µM, Sigma-Aldrich) by GPx.  The rate of oxidation of 

NADPH is coupled to the rate of H2O2 reduction by GPx.  The linear rate of decay for NADPH 

was measured and averaged for 3.5 minutes, and the nmoles NADPH oxidized per minute per 

milligram of protein were calculated as below:  

 

GPx activity = (sample rate of decay - background rate of decay) / (0.00622 µM
-1

cm
-

1
* [protein µg/µL])  

The extinction coefficient for NADPH is 0.00622 µM
-1

cm
-1

.  

 

To assess the variation in GPx activity expected to occur in samples from the same individuals 

over a period of time similar to that of patients treated with imatinib, mononuclear cells (MNC) 

were obtained from participants in a lycopene supplementation study (UIC IRB# 2005-0828, 

Peter Gann) and assayed for GPx activity.  Samples were also obtained from patients before and 

after 3–6 months imatinib therapy as part of a study to predict clinical responsiveness (Oregon 

Health & Science University IRB# MOL-01018-L, B. Drucker; UIC IRB# 2009-1005, Alan M. 

Diamond).  MNCs were isolated by Ficoll gradient centrifugation, frozen either as dry pellets 
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(maintaining viability) or made into protein lysates.  Extracts were prepared and assayed for GPx 

activity.   

C.  Results  

1. Assay reliability 

In order to determine the reproducibility of the GPx assay, extracts prepared from 

KU812 and MEG-01 cells were subjected to multiple freeze–thaw cycles and assayed on 

different days spanning a 4-month period.  Four KU812 and 2 MEG-01 extracts were assayed 

(Fig. 1A); it was apparent that the variation from the mean did not exceed 20% for any of the 

tested extracts.   

To determine the anticipated variation in GPx activity expected in MNCs from the same 

individuals over an approximately 6-month period, extracts were prepared from deidentified 

MNC cells from participants in a nutritional supplementation study not including drugs or 

substances that were likely to alter GPx activity (unpublished observations).  Five pairs of 

samples were studied (Fig. 1B).  The variation in measured activity for each of these sample sets 

was less than 20%, similar to the assay variation observed in the multiple retesting studies shown 

in Fig. 1A.   

 

 

http://www.sciencedirect.com.proxy.cc.uic.edu/science/article/pii/S0145212611000130#fig0005
http://www.sciencedirect.com.proxy.cc.uic.edu/science/article/pii/S0145212611000130#fig0005
http://www.sciencedirect.com.proxy.cc.uic.edu/science/article/pii/S0145212611000130#fig0005
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Figure 1.   Reproducibility of the GPx enzyme assay.   

(A) Extracts were prepared from separate KU812 and MEG-01 cultures, and GPx activity was 

assayed following 4 freeze–thaw cycles.  Extracts were prepared from 4 individual cultures of 

KU812 cells (K1–4) and 2 individual cultures of MEG-01 cells (M1 and M2).  (B) Extracts were 

prepared from MNCs derived from the same subjects 6–9 months apart and assayed for GPx 

activity.  Individual patients are indicated by letters.  GPx activity is presented as nmoles of 

NADPH oxidized/mg protein, and the error bars indicate the S.D.   
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2. Changes in glutathione peroxidase activity following imatinib therapy 

GPx activity was assessed in paired samples obtained from the individuals before 

and after treatment with 400 mg/day imatinib as shown graphically in Fig. 2.  Patient information 

including gender, age, and duration of treatment are included in Table I.  Of the 7 sample sets 

presented, 5 showed changes in enzyme activity that exceeded 20%, and 2 did not.  Of the 5 that 

did, 1 showed a decrease in activity of 42%, and 4 demonstrated increases ranging from 33% to 

208%.  The sample set showing decreased GPx activity had the highest baseline level prior to 

treatment, and the 2 demonstrating the greatest increases following treatment (166% and 208%) 

exhibited the lowest pre-treatment levels and were derived from the only 2 females in the patient 

sample group examined.   

 

 

 

 

 

 

 

http://www.sciencedirect.com.proxy.cc.uic.edu/science/article/pii/S0145212611000130#fig0010
http://www.sciencedirect.com.proxy.cc.uic.edu/science/article/pii/S0145212611000130#tbl0005
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Figure 2.   GPx activity in MNC extracts derived from patients before and after 

imatinib therapy.  

Extracts were prepared from frozen and viable MNCs derived from patients prior to beginning 

imatinib treatment and after several months of receiving the drug (see Table I for details).  GPx 

activity is presented as nmoles of NADPH oxidized/min/mg protein.   

 

 

 

 

TABLE I. PATIENT INFORMATION AND DEGREE OF CHANGE IN GPX 

ACTIVITY FOLLOWING IMATINIB TREATMENT   

Patient Gender Age (years) Duration of treatment (months) % change 

1 M 45 4 −42 

2 M 54 3 – 

3 M 71 6 – 

4 M 28 2 +75 

5 M 64 6 +33 

6 F 62 6.5 +208 

7 F 53 12 +166 

 

Patients 1, 2, 5, 6, and 7 achieved complete or near-complete cytogenetic and/or molecular 

responses to imatinib therapy; patient 3's response was considered sub-optimal; and patient 4's 

disease was considered resistant to imatinib therapy.   

  

http://www.sciencedirect.com.proxy.cc.uic.edu/science/article/pii/S0145212611000130#tbl0005
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D. Discussion   

In contrast to published data, a tyrosine phosphorylation of GPx1 was not detected nor 

was there an effect by mutating out tyrosine 97, the likely Abl substrate [199,232].  Thus, there 

may be cell culture- or cell type-specific determinants of Abl phosphorylation of GPx1.  There 

are a number of limitations to this study of the effect of imatinib treatment on GPx activity in 

CML patients.  The amount of protein available for analysis permitted only a single assay per 

sample, although our assessments on assay variability indicated the data obtained is likely to be 

correct.  Due to the large variation in the changes seen in the imatinib-treated patients, coupled 

with the ability to perform only one assay per sample, we were unable to detect any statistical 

difference (P= 0.18) between treatment and control sets via a two-sample t-test with equal 

variance.  However, the biological differences were evident with 5 of the 7 individuals showing 

changes in excess of what was observed in untreated individuals.  The sample size was also too 

small to make conclusions regarding any associations between changes in GPx activity and 

responsiveness to imatinib treatment, as only 1 of the patients (Patient 4) had disease that did not 

improve with the drug.  Nonetheless, most of the sample pairs examined showed a change in 

GPx1 in MNCs following treatment.   

GPx may have a significant impact in influencing disease management and long-term 

health of treated patients.  Because GPx is a major antioxidant enzyme, altered levels of it may 

influence the risk of DNA oxidation products leading to disease.  In support of this, numerous 

reports have shown that a variant GPx1 allele expected to exhibit reduced enzyme activity was 

associated with increased risk of a variety of diseases, including cancer [199].  Alternatively, 

enhanced GPx1 activity may result in increased risk of diseases such as diabetes or negatively 

affect therapeutic effectiveness by inhibiting apoptosis, as was first shown in T cells and 
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subsequently in a variety of cell types [182,220].  These studies indicate the need for additional 

work to evaluate changes in GPx activity in patients undergoing treatment with Abl kinase 

inhibitors and to determine whether these changes impact the therapeutic outcome.   
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III.  THE IN VITRO EFFECTS OF IMATINIB AND RAPAMYCIN ON 

ANTIOXIDANT PROTEIN LEVELS AND ACTIVITY 

A. Introduction 

 Motivated by the initial observation of the post-translational modification of GPx1 [232], 

the effect of imatinib treatment on GPx enzyme activity was investigated in CML patients, 

yielding the surprising result that GPx activity was frequently stimulated by imatinib [265].  To 

investigate this phenomenon further, in vitro tissue culture methods were used in order to study 

how GPx1 levels are altered by imatinib under conditions of limited variables.  To achieve this, 

established Bcr-Abl-positive cell lines were used.   

B. Materials and methods 

1. Tissue culture 

Four cell lines were obtained from ATCC: KU812 and MEG-01 human CML cell 

lines, LNCaP human prostate cancer cells, and Chinese hamster ovary (CHO)-AA8 cells.  The 

GM10832 human immortal B lymphocyte cell line was obtained from the National Institute of 

General Medical Sciences Human Genetic Cell Repository of the Coriell Institute (Camden, NJ).  

CHO cells were maintained in Modified Essential Medium, alpha (Cellgro, Manassas, VA); all 

other cells were maintained in RPMI-1640 (ATCC).  All media was supplemented with 10% 

fetal bovine serum (FBS, Gemini Biosciences, West Sacramento, CA), 100 units/mL penicillin, 

and 100 µg/mL streptomycin (Gibco, Grand Island, NY).  KU812 cells were subcloned by 

methylcellulose colony formation in MethoCult
TM

 (Stemcell Technologies, Vancouver, BC) by 

the following protocol.  KU812 cells (3 x 10
3
) in 0.3 mL IMDM media (Stemcell Technologies) 

with 10% FBS were mixed with 3.0 mL methylcellulose previously prepared with 10% IMDM 

and 10% FBS.  The mixture was vortexed, and bubbles dissipated (5 minutes); 1.1 mL of 
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mixture was layered onto a 35-mm dish.  Visible colonies were picked after 14 days by 

extraction using a 200-µL pipette tip bent to prevent suction of the cell mass beyond the first 1/3 

of the tip.  Recovered cells were mixed with fresh media and grown.  For all pharmacological 

treatments, non-adherent cells (KU812, MEG-01 and GM10832) were plated at 2 x 10
5
 cells/mL 

and treated with 150-300 nM imatinib mesylate (Novartis, Basel, Switzerland) for 3-7 days or 1 

ng/mL rapamycin (Cayman Chemical, Ann Arbor, MI) for 3 days.  For protein half-life studies, 

KU812 also received 25 µg/mL cycloheximide (one group with imatinib; one group without) for 

3 days or 20 µM LY294002 (Cayman) for 4 days.  Media was removed, and fresh media with 

specified treatments was applied to cells every 3 days.  To measure KU812 and KU812 clonal 

growth rates, 2 x 10
5
 cells/mL were treated with selected doses of imatinib (0-250 nM) and 

counted every 1 to 3 days for 20 days using a hemacytometer.  Old media was removed, and 

fresh media and drug treatments were applied every 3 days.  LNCaP cells were plated 1 day prior 

to treatment; 12.5% of a confluent plate of cells was plated for imatinib treatment, and 25% of a 

confluent plate of cells was plated for rapamcyin treatment.  Fresh media was applied, and cells 

were treated with 500 nM imatinib for 7 days or 1 ng/mL rapamycin for 3 days.  Cells were 

maintained at 37
o
 C and 5% CO2 in a humidified incubator.   

The retroviral Bcr-Abl expression construct, which also expresses green fluorescence 

protein (GFP), was generously provided by Dr. WenYong Chen [2].  LNCaP cells were 

transfected with empty vector, Bcr-Abl, and kinase-deficient Bcr-Abl with X-tremeGENE HP 

DNA transfection reagent (Roche Applied Science, Indianapolis, IN).  Cells were co-transfected 

with pSV2-hph (ATCC) at a 1:40 molar ratio for hygromycin B (Cellgro) selection.  Following 

selection in 400 μg/mL hygromycin B, GFP-positive colonies were detected by fluorescence 

microscopy and isolated by trypsin and cloning rings, and recovered cells were expanded.   
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GP293 retroviral packaging cells (Clontech, Mountain View, CA) were maintained in 

high-glucose Dulbecco’s Modified Eagle Medium with 10% FBS, 100 units/mL penicillin and 

100 µg/mL streptomycin.  GP293 were co-transfected for 4 hours with the pVSV-G pantropic 

packaging vector (Clontech) and pLNCX-UGA or pLNCX-UGA-GPx1 SECIS reporter 

constructs using Lipofectamine-2000 (Invitrogen); fresh RPMI-1640 was applied to cells 

following removal of transfection media.  Forty-eight hours after transfection, the virus-

containing supernatant was filtered with a 40-µm low-binding surfactant-free cellulose acetate 

(SFCA) filter (Corning, Tewksbury, MA) to remove cells and debris.  Polybrene (4 µg/mL, 

Santa Cruz Biotechnologies, Santa Cruz, CA) was added to the supernatant.  LNCaP cells were 

plated such that they were approximately 25% confluent 1 day prior to retroviral infection on 35-

mm tissue culture plates.  LNCaP cells were infected for 6 hours with 1 mL of viral supernatant 

(>1 x 10
6
 multiplicity of infection).  After 6 hours, an additional 1 mL of RPMI-1640 containing 

4 µg/mL polybrene was added, and infection proceeded for another 18 hours.  Following the 24-

hour infection, media was removed; fresh RPMI-1640 applied; and cells were treated with 1 

ng/mL rapamycin and/or 100 nM sodium selenite (Sigma-Aldrich-Aldrich, St. Louis, MO) for 3 

days.  All cell treatments and subsequent analyses were performed in triplicate at least two times.   

2. Cell lysis, protein and RNA isolation, and cDNA synthesis 

Following the specified treatment times, cells were lysed for protein or RNA.  

Cells were washed 1x in ice-cold phosphate-buffered saline (PBS, Gibco), and adherent cells 

were dislodged by scraping.  For protein harvest, cells were resuspended in Cell Lysis Buffer 

(Cell Signaling Technologies, Boston, MA) with 200 µM phenylmethanesulfonylfluoride 

(PMSF) protease inhibitor (Sigma-Aldrich) and passively lysed on ice for 30 minutes, with 15 

seconds of vortexing every 10 minutes.  Lysates were centrifuged at 14,000 rpm in a refrigerated 
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microfuge at 4
o
 C for 10 minutes, and the cleared lysate was transferred to a new tube.  Protein 

concentration was determined by the Bio-Rad colorimetric assay (Hercules, CA) [266].  Bovine 

Serum Albumin (New England Biolabs, Ipswich, MA) was used to create a standard curve 

between 0.05 µg/µL to 1.0 µg/µL.  Protein lysates were utilized immediately for enzyme activity 

and Western blot analysis, and excess lysate was stored at -20
o
 C.  RNA was isolation from 

treated cells using the RNeasy RNA isolation kit (Qiagen, Valencia, CA), and total RNA was 

quantified by NanoDrop (Thermo Scientific, Wilmington, DE).  Two µg of total RNA in a 40-µL 

reaction was reverse-transcribed with the High Capacity cDNA Reverse Transcription kit 

(Applied Biosystems, Grand Island, NY).  In brief, total RNA was combined in a polymerase 

chain reaction (PCR) tube with reaction buffer, random primers, deoxyribonucleotide 

triphosphate (dNTP) mix, reverse transcriptase, and nuclease-free water, and samples were 

incubated for 10 minutes at 25
o
 C, 120 minutes at 37

o
 C, and 5 minutes at 85

o
 C.  RNA and 

cDNA were stored at -80
o
 C until quantitative PCR analysis.   

3. Protein analysis and enzyme activity 

Proteins of interest were analyzed by Western blot analysis.  Fifteen µg total 

protein per sample was prepared in NuPAGE® LDS sample buffer (Invitrogen, Grand Island, 

NY) with NuPAGE® sample-reducing agent and boiled at 100
o
 C for 10 minutes, to make a 3x 

master mix for each sample.  Five µg was loaded onto a 4-12% Bis-Tris denaturing 

polyacrylamide gel (Invitrogen) and electrophoresed for 40 minutes at 200 volts in the XCell 

electrophoresis chamber (Invitrogen).  A protein ladder (Thermo) was also electrophoresed for 

band size estimation after blotting.  Protein was transferred onto a methanol-activated 

polyvinylidene fluoride (PVDF) membrane for 70 minutes at 30 volts using the XCell Blot 

Module (Invitrogen).  Following transfer, membranes were blocked against non-specific 
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antibody binding with 5% milk in TBS-Tween-20 (TBST, Bio-Rad and Fisher) for 1 hour at 

room temperature.  PVDF membranes were incubated overnight on a rocker at 4
o
 C with primary 

antibodies against the proteins of interest.  Antibodies against the following proteins were used: 

GPx1 (mouse, MBL, International, Woburn, MA), MnSOD (mouse, BD Biosciences, San Jose, 

CA), Catalase (rabbit, Abcam, Cambridge, MA), GPx4 (rabbit, Abcam), TrxR1 (rabbit, 

Proteintech, Inc., Chicago, IL), phospho-S6 (rabbit, pS6, Cell Signaling) for verification of 

rapamycin activity, and β-actin (rabbit, Abcam) was used as a standard.  All antibodies were 

diluted 1:1000 in 5% milk-TBST except pS6 (1:1000 in 5% BSA-TBST) and β-actin (rabbit, 

1:10,000 in 5% milk-TBST).  Following overnight incubation, membranes were washed 2 times 

for 5 minutes each in 1x TBST.  Membranes were incubated 1 hour at room temperature in 

species-appropriate secondary antibody (Anti-rabbit or anti-mouse, 1:2000 dilution in 5% milk-

TBST, Cell Signaling).  Following secondary antibody incubation, the membrane was washed 3 

times for 20 minutes each in 1x TBST.  The blot was imaged by enhanced chemiluminescence 

(ECL) with ECL plus (GE Lifesciences, Pittsburgh, PA).  Density of protein bands was analyzed 

using ImageJ software (NIH, Washington, DC) and normalized to β-actin band density.   

 Total GPx enzyme activity was analyzed by a coupled spectrophotometric GPx assay, as 

previously described [264].  Activity of MnSOD was measured by a colorimetric 

spectrophotometric assay (Cayman).  This assay measures the dismutation of superoxide 

produced by xanthine oxidase and hypoxanthine, which is coupled to the conversion of 

tetrazolium salt to formazan dye.  The addition of 2 mM sodium cyanide to the final reaction 

inhibits Cu/ZnSOD and ecSOD activity, allowing for MnSOD specificity.  Samples were 

measured at 440 nm in a 96-well plate on a plate reader (BioTek, Winooski, VT), and MnSOD 
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activity was calculated from a standard curve.  Samples were normalized to protein concentration 

to give a final result of SOD units/mg protein.   

4. Analysis of transcript levels 

RNA was isolated and cDNA reverse-transcribed as described in section 2.  

MnSOD and GPx1 cDNA levels were quantified via real-time reverse-transcription polymerase 

chain reaction (RT-qPCR).  Primer-probe pairs were obtained from Applied Biosystems for 

GPx1, MnSOD, TATA-binding protein (TBP), and 18s.  Gene Expression Master Mix (Applied 

Biosystems) was combined with primer-probe pairs and 50 ng cDNA in a 10 µL reaction.  

Expression was analyzed in a 96-well plate format with a Step-One Plus Instrument (Applied 

Biosystems) with the following protocol: 50
o
 C for 2 minutes, 95

o
 C for 10 minutes, followed by 

40 cycles of 15 seconds at 95
o
 C and 1 minute at 60

o
 C.  Cycle threshold (Ct) value was 

determined, and changes in expression relative to untreated controls were calculated using the 2
-

ΔΔCt
 method [267].  The Ct values for Gpx1 and MnSOD were normalized to the Ct value of 

selected housekeeping genes.  Three independent cultures were analyzed in triplicate for each 

treatment condition.  Mean Ct of each triplicate was utilized for gene expression analysis.   

5. Retroviral SECIS reporter construct synthesis and analysis of reporter signal 

The pLNCX retroviral vector [268] was used as a backbone for the construction 

of a UGA or UGA-GPx1 readthrough luciferase reporter construct, which contains a UGA codon 

downstream of β-galactosidase, but upstream of the luciferase gene.  The UGA-GPx1 sequence 

contains the GPx1 SECIS element downstream of the luciferase gene, which recodes the in-

frame UGA for Sec insertion and luciferase expression. For construction of the pLNCX-UGA 

vector, the β-galactosidase and luciferase reporter sequences were excised from a pBPLUGA 

reporter construct at HindIII and XmaI (New England Biolabs) [269].    The fragment was 
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isolated by excising the 3-kb band from a 1% agarose gel and electroeluting the DNA band into 

Tris-acetic acid-EDTA (TAE) buffer in dialysis tubing.  DNA was precipitated using a standard 

alcohol precipitation adding 1/10 volume 3 M sodium acetate and 2 volumes of 100% ethanol.  

Following a brief vortex, the solution was placed at -80
o
 C for 10 minutes.  The solution was 

spun at 14,000 rpm in a microfuge for 6 minutes to pellet DNA, supernatant was removed, and 

the pellet was allowed to dry for 5 minutes.  The pellet was then resuspended in Tris-EDTA (TE) 

and DNA quantified on a NanoDrop for cloning into pLNCX.  Two nucleotide strands were 

synthesized containing XmaI and ClaI restriction sites (IDT, Coralville, IA, 5’-

CCGGGTTAGCTGAGGTCAGAT-3’; 5’-CGATCTGACCTCAGCTAAC-3’) and annealed at 

room temperature for 20 minutes.  These were used as polylinkers to convert the XmaI site in the 

reporter fragment to a ClaI site for directional insertion into pLNCX, which contains a HindIII 

and ClaI site in its multiple cloning sequence.  One hundred fifty ng of reporter fragment, 150 ng 

of pLNCX, and 0.5 ng of annealed polylinker were combined with T4 DNA ligase (Promega, 

Madison, WI) for ligation, which proceeded for 1 hour at room temperature.  Following ligation, 

5 µL of ligation reaction was transformed into subcloning efficiency DH5α E. coli (Invitrogen).  

One hundred µL of the transformation was plated on LB agar (Fisher) made with 100 µg/mL 

ampicillin (Sigma-Aldrich), and colonies were grown overnight at 37
o
 C.  Ten colonies were 

selected for expansion in LB broth containing 100 µg/mL ampicillin and were shaken overnight 

at 37
o
 C.  pLNCX-UGA DNA was isolated from the bacteria with the QIAPrep spin miniprep kit 

(Qiagen) and digested with HindIII and ClaI to verify insertion of the reporter fragment.  Clones 

positive for fragment insertion were transfected into CHO-AA8 cells to confirm β-galactosidase 

activity and minimal luciferase activity by the β-galactosidase and luciferase assay systems 

following the manufacturer’s protocol (Promega).  One clone was selected for further use.  The 
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pLNCX-UGA-GPx1 reporter construct was constructed in the same way as the pLNCX-UGA 

construct, except that the fragment from pBPLUGA-GPx1 was excised with HindIII and KpnI 

(New England Biolabs).  A polylinker was synthesized that converted KpnI to ClaI (5’- 

CGTTAGCTGAGGTCAGA-3’; 5’-CGATCTGACCTCAGCTAACGGTAC-3’).  Following 

successful insertion of the fragment and selection of clones, transfection into CHO-AA8 verified 

both β-galactosidase and luciferase activity.  Inducibility of luciferase activity was verified by 

treating transfected CHO-AA8 cells with 100 nM sodium selenite (Sigma-Aldrich) for 72 hours.  

Production of viral particles by GP-293 and multiplicity of infection was also verified by 

infection of CHO-AA8 cells.   

6. Statistical analysis 

The statistical significance of the observed differences of target proteins and 

mRNA transcripts in response to drug treatment was determined by a two-tailed Student’s t test.  

Significance was set at P < 0.05.   

C. Results 

1. Treatment of chronic myelogenous leukemia cell lines with imatinib 

increases antioxidant enzymes 

a. Subcloning KU812 and determining a cytostatic imatinib dose 

The observation that GPx activity was enhanced in CML patients treated 

with imatinib led us to investigate whether this observation also occurs in CML cell lines in 

vitro.  The established Bcr-Abl-positive CML cell line KU812 was selected for in vitro imatinib 

studies [270].  This cell line has the properties of immature basophils and was established from a 

male Japanese CML patient in blast crisis.  Established cell lines maintained in culture 

eventually become heterogeneous, affecting the reproducibility of experimental replicates.  To 



44 

 

 

isolate a homogeneous population of KU812, the cell line was sub-cloned in methylcellulose.  

Growth rates of the clonal and parental KU812 cell lines were found to be similar.  A dose-

response curve was generated for multiple clones, and it was found that 250 nM imatinib was the 

maximum cytostatic dose for the KU812 clones (Fig. 3).  All subsequent experiments utilized the 

KU812a clonal cell line.   

b. Imatinib treatment increases glutathione peroxidase 1 protein and 

enzyme levels 

Glutathione peroxidase enzyme levels obtained from patient samples 

indicated that the enzyme activity levels were increased in 4 out of 7 patients by 6 months' 

treatment with imatinib [265].  In order to determine if GPx activity is also altered by imatinib in 

vitro, KU812a cells were exposed to imatinib for a period of 7 days at 150 nM.  Following 7-day 

treatment, GPx activity levels were increased 2.5-fold from baseline activity levels (Fig. 4A).  

The increase in GPx activity was not as great as the increase in protein levels, which increased 7-

fold from baseline, as determined by densitometry (Fig. 4B, Table II, Appendix A).  KU812a 

cells were treated with 100 or 150 nM imatinib for a period of 3 to 7 days to show both a dose 

and time response.  The increase in GPx1 protein and activity was both dose- and time-

dependent; 100 nM treatment marginally increased GPx activity (1.5-fold, Fig. 5A), while an 

approximately 4-fold increase in protein was observed (Fig. 5C, Table II, Appendix A).  The 

time-dependent response in protein levels to imatinib treatment was more apparent at 3 days, 

with a 4-fold increase in protein, with only a marginal increase above that for the 7-day 

treatment, as compared to the dose response (Fig. 5C, Table II, Appendix A).  The increase in 

enzyme activity was again approximately 1.5-fold (Fig. 5B).   
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c. The increase in glutathione peroxidase 1 protein levels is not from 

altered transcript levels or protein decay   

In order to determine if the GPx1 protein level increase observed upon 

treatment with imatinib was a result of increased steady-state transcript levels or altered protein 

decay, mRNA expression and protein decay rates were determined.  Glutathione peroxidase 1 

cDNA was measured by RT-qPCR following reverse-transcription from imatinib-treated and 

untreated KU812a.  Levels of GPx1 cDNA were not increased following 150 nM imatinib 

treatment (Fig. 6A).  KU812a cells were treated with the protein translation inhibitor 

cycloheximide (25 µg/mL) and/or 150 nM imatinib for a period of 72-96 hours in order to 

determine if GPx1 protein decay rates were altered.  The half-life of GPx1 was determined to be 

approximately 72 hours in KU812a cells.  The rates of GPx1 decay following protein translation 

inhibition were not significantly different between cycloheximide controls and cells co-treated 

with cycloheximide and imatinib (Fig. 6B, C Table III, Appendix A).   

d. Imatinib also increases glutathione peroxidase 1 in the chronic 

myelogenous leukemia cell line MEG-01 

The observation that imatinib treatment of KU812a increases GPx1 

protein levels recapitulates the observation that GPx1 is increased in CML patients following 

imatinib treatment [265].  In order to determine whether the increase in GPx1 was generalized to 

another CML cell line, the MEG-01 CML cell line was selected for study.  This established cell 

line was isolated from megakaryoblasts of a Japanese male in blast crisis of CML [271].  It was 

determined that growth in 300 nM of imatinib was cytostatic for this cell line, and this amount 

was used for subsequent studies.  Cells were treated with 300 nM imatinib for 7 days, and GPx1 
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protein and enzyme activity were again increased (4-fold, Table IV, Appendix A and 1.6-fold 

respectively, Fig. 7).   

e. Imatinib treatment does not increase glutathione peroxidase 1 in non-

Bcr-Abl-expressing cell lines 

In order to see if the imatinib effect was restricted to CML cells, because 

imatinib increased GPx1 in two different CML cell lines, the effect of imatinib on GPx1 in the 

immortalized B-lymphocyte line GM10832 and the prostate cancer line LNCaP [272] was 

determined, neither of which carry the Bcr-Abl translocation.  It was determined that growth of 

GM10832 cells is inhibited at a dose of 300 nM imatinib and that growth of LNCaP cells is 

inhibited at an imatinib dose of 500 nM.  Seven-day treatment of both of these cell lines did not 

increase GPx1 protein and activity levels (Fig. 8, Table V and VI, Appendix A).  The lack of 

response in these Bcr-Abl-negative
 
cells indicates that the presence of Bcr-Abl may be necessary 

for the imatinib-induced increase in GPx1.   

f. Ectopic Bcr-Abl expression in LNCaP decreases glutathione 

peroxidase 1 levels  

The observation that GPx1 enzyme and protein levels were increased 

following imatinib treatment only in cells that expressed Bcr-Abl indicates that this effect may 

be dependent on Bcr-Abl.  LNCaP cells do not express a Bcr-Abl translocation; thus, these cells 

were selected to determine if the addition of Bcr-Abl to these cells decreased GPx1 levels.  

LNCaP cells were transfected with empty vector, Bcr-Abl, and kinase-deficient Bcr-Abl 

constructs [2], and GPx1 protein levels and enzyme activity were determined.  The ectopic 

expression of Bcr-Abl in LNCaP cells resulted in a significant decrease (0.6-fold) of GPx 

activity levels, which was dependent on the presence of an active kinase domain in Bcr-Abl (Fig. 
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9B).  GPx1 protein was also significantly decreased in the presence of Bcr-Abl (0.5-fold, Fig. 

9C, Table VII, Appendix A).  Surprisingly, GPx1 protein was also significantly decreased by the 

kinase-deficient Bcr-Abl (0.75-fold, Fig. 9C, Table VII, Appendix A).   

g. Imatinib treatment increases antioxidant proteins in addition to 

glutathione peroxidase 1  

Glutathione peroxidase 1 is an antioxidant enzyme that was increased by 

imatinib treatment; therefore, it was examined whether additional antioxidant proteins may also 

be induced following imatinib treatment.  Manganese SOD, GPx4, TrxR1 and catalase were 

selected as representative antioxidant proteins.  MnSOD and TrxR1 protein levels were both 

significantly increased by imatinib treatment in both KU812a and MEG-01 cells (4-fold for both 

proteins, Fig. 10A, Table II and IV, Appendix A).  MnSOD activity was measured in KU812a 

and MEG-01 and was increased 2.5-fold in both cell lines (Fig. 10C).  The imatinib-induced 

increase in MnSOD was not a result of increased mRNA steady-state levels (Fig. 10B).  Levels 

of GPx4 and catalase were unaffected by imatinib treatment of either CML cell line (Fig. 11, 

Table II and IV, Appendix A).  Imatinib treatment did not increase MnSOD, GPx4 and TrxR1 in 

LNCaP or GM10832 (Figure 12, Table V and VI, Appendix A).  However, catalase was 

decreased (0.6-fold) in GM10832 after 300 nM imatinib treatment (Fig. 12, Table V, Appendix 

A).  Overexpression of Bcr-Abl in LNCaP also did not inhibit MnSOD or TrxR1 protein, as 

observed in Bcr-Abl-expressing cells (Fig. 13, Table VII, Appendix A). 
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Figure 3.   No difference in growth between parental and clonal KU812 cell lines 

following imatinib treatment. 

(A) The effect of imatinib on growth of parental KU812 cells (A) and the sub-clonal cell line 

KU812a (B) as determined by counting on a hemacytometer.  Cells were no longer counted once 

they reached a density of 1 x 10
6
 cells/mL.  Error bars indicate the S.D.   
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Figure 4.   GPx1 protein and activity levels are enhanced by 7-day treatment of KU812a 

CML cells with 150 nM imatinib. 
The effect of 150 nM imatinib on GPx enzyme activity (A) and GPx1 protein (B) as determined 

by the coupled spectrophotometric GPx assay and immunoblotting for GPx1 and actin.  GPx 

activity was increased 2.5-fold, and protein increased 7-fold (P = 0.02) by imatinib treatment.  

Data shown is representative of one experiment.  Three independent experiments were 

performed.  * = P < 0.001.  Error bars indicate the S.D.   
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Figure 5.   GPx1 protein and activity levels are enhanced in a dose- and time-dependent 

manner following imatinib treatment of KU812a cells.   
The dose- and time-dependent increases in GPx activity following 100 nM and 150 nM imatinib 

treatment for 7 days (A) or 150 nM imatinib treatment for 3 or 7 days (B) was detected by the 

coupled spectrophotometric GPx assay.  GPx activity was increased 1.3-fold by 100 nM imatinib 

and 2.5-fold by 150nM imatinib.  No significant increase in GPx activity was detected following 

150 nM imatinib treatment for 3 days, but GPx activity increased 2.5-fold following 150 nM 

imatinib treatment for 7 days.  The effect of imatinib treatment time and dose on GPx1 protein 

(C) as detected following immunoblotting for GPx1 and actin.  GPx1 protein levels increased 7-

fold following 7 days of imatinib treatment with 150 nM imatinib (P = 0.02).  Data shown is 

representative of one experiment.  Three independent experiments were performed.   

* = P < 0.001, † = P < 0.05, compared to 100 nM or 3-day imatinib treatment.  Error bars 

indicate S.D.   
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Figure 6.  Increases in GPx1 protein are not a result of increased steady-state transcript 

levels or increased protein decay rates.  

GPx1 transcript levels were measured following 150 nM imatinib treatment for 7 days (A) by 

RT-qPCR.  GPx1 Ct values were normalized to the Ct values for the housekeeping gene TBP.  

GPx1 mRNA transcript levels are not affected by 150 nM imatinib treatment for 7 days.  The 

effect of imatinib on GPx1 protein decay rate following treatment with 25 µg/mL cycloheximide 

± 150 nM imatinib for 72 or 96 hours (B) was detected by immunoblotting for GPx1 and actin.  

Rates of decay in the presence of 150 nM imatinib, as determined by densitometry, were not 

different in the presence of 150 nM imatinib (C).  Error bars indicate the S.D.   
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Figure 7.   GPx1 protein and activity levels are increased in MEG-01 following 300 nM 

imatinib treatment.  

The effect of 300 nM imatinib on GPx enzyme activity (A) and GPx1 protein (B) in MEG-01 as 

determined by the coupled spectrophotometric GPx assay and immunoblotting for GPx1 and 

actin.  GPx activity was increased 2-fold, and protein increased 4-fold (P < 0.01) by imatinib 

treatment.  Data shown is representative of one experiment.  Three independent experiments 

were performed.    * = P < 0.001.  Error bars indicate S.D.   
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Figure 8.   GPx1 protein and activity levels are unaffected by imatinib treatment of 

LNCaP and GM10832 cells.   

The effect of imatinib on GPx enzyme activity (A) and GPx1 protein (B) in LNCaP and 

GM10832 as determined by the coupled spectrophotometric GPx assay and immunoblotting for 

GPx1 and actin.  There was no effect of imatinib on GPx1 in either cell line.  Data shown is 

representative of one experiment.  Three independent experiments were performed.  Error bars 

indicate S.D.   
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Figure 9.   GPx1 protein and activity levels are decreased by exogenous Bcr-Abl in 

LNCaP.   

GFP expression in Bcr-Abl-positive LNCaP cells transfected with a GFP-tagged Bcr-Abl vector 

(A) as assessed by fluorescence microscopy.  The effect of the presence of Bcr-Abl on GPx 

enzyme activity (B) and GPx1 protein (C) in LNCaP as determined by the coupled 

spectrophotometric GPx assay and immunoblotting for GPx1 and actin.  GPx activity was 

decreased 0.6-fold by Bcr-Abl, and protein decreased 0.75-fold by Bcr-Abl (P = 0.02) and 0.5-

fold by kinase-deficient Bcr-Abl (P = 0.006) .  Data shown is representative of one experiment.  

Two independent experiments were performed.  * = P < 0.001.  Error bars indicate S.D.   
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Figure 10.   Imatinib increases MnSOD protein and activity levels and TrxR1 protein 

levels following treatment with imatinib in CML cell lines.  

Effect of imatinib on MnSOD and TrxR1 protein in KU812a and MEG-01 (A) as determined by 

immunoblotting for MnSOD, TrxR1, and actin.  There was no effect of imatinib on MnSOD and 

TrxR1 in either cell line.  Effect of imatinib on MnSOD steady-state transcript levels (B) and 

MnSOD activity (C) in KU812a following 150 nM imatinib treatment for up to 7 days as 

assessed by RT-qPCR and the colorimetric MnSOD activity assay.  MnSOD Ct values were 

normalized to Ct values for the housekeeping gene TBP.  MnSOD transcript levels were 

unaffected by 150 nM imatinib; however, MnSOD activity was increased up to 5-fold after 150 

nM imatinib for up to 7 days.  Effect of 300 nM imatinib on MnSOD activity in MEG-01 (C) as 

assessed by the colorimetric MnSOD assay.  MnSOD activity was increased 2.4-fold by 300 nM 

imatinib treatment for 7 days.  Western blots are representative of one experiment.  Three 

independent experiments were performed for each Western blot.  * = P < 0.001, ** = P < 0.01, † 

= P < 0.05.  Error bars indicate the S.D.   
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Figure 11.   Imatinib does not affect catalase or GPx4 protein levels in KU812a or MEG-

01 cell lines.  

The effect of imatinib on catalase and GPx4 protein in KU812a and MEG-01 as assessed by 

immunoblotting for catalase, GPx4, and actin.  There was no effect of imatinib on either 

antioxidant protein in either cell line.  Data shown is representative of one experiment.  Three 

independent experiments were performed.  P > 0.1 for all samples.   

 

 

 

 

 

Figure 12.   Imatinib does not affect catalase, GPx4 or TrxR1 protein levels in GM10832 

or LNCaP cell lines.   

The effect of imatinib on catalase, GPx4 and TrxR1 protein in GM10832 and LNCaP as assessed 

by immunoblotting for catalase, GPx4, TrxR1 and actin.  There was no effect of imatinib on 

catalase and GPx4 in either cell line (P > 0.09).  Catalase was decreased slightly in GM10832 (P 

= 0.05). Data shown is representative of one experiment.  Three independent experiments were 

performed.     
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Figure 13.   Overexpression of Bcr-Abl in LNCaP does not result in decreased expression 

of MnSOD and TrxR1 protein levels.  

The effect of Bcr-Abl on MnSOD and TrxR1 protein in LNCaP as determined by 

immunoblotting for MnSOD, TrxR1 and actin.  Protein levels were not affected by the presence 

of Bcr-Abl (P > 0.1). Data shown is representative of one experiment.  Two independent 

experiments were performed.     
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could be controlled by mTOR-regulated translation, as the increases appear to be post-

transcriptional.  In order to determine if inhibition of mTOR also increased GPx1, MnSOD and 

TrxR1, KU812a cells were treated with 1 ng/mL rapamycin for 3 days.  Rapamycin treatment of 

KU812a resulted in a moderate increase in GPx1 protein (3-fold) and activity (2-fold, Fig. 14A, 

Empty      Kinase Bcr-Abl

Vector     Deficient 

Actin

MnSOD

TrxR1
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C, Table VIII, Appendix A).  As with imatinib treatment, the increase in GPx1 was not as a 

result of increased steady-state mRNA levels (Fig. 15).  A similar increase in GPx1 protein and 

activity was seen in MEG-01 cells (Fig. 14B, C, Table IX, Appendix A).  Surprisingly, GPx1 

was also found to increase in both LNCaP and GM10832 cells (Fig. 16).  In LNCaP, GPx 

activity increased 3-fold and protein increased 1.7-fold (Table XI, Appendix A).  In GM10832, 

GPx activity increased 1.7-fold and GPx1 protein increased 1.8-fold (Table X, Appendix A).  

Levels of GPx4 significantly increased in both LNCaP and GM10832 (8.6-fold and 4.7-fold, 

respectively, Tables IX and X, Appendix A), but not in KU812a or MEG-01 (Fig.17, Table VII 

and VIII, Appendix A).  TrxR1 was found to significantly increase only in GM10832 (2-fold, Fig 

17, Table X, Appendix A).  Unlike with the effects observed with imatinib treatment, MnSOD 

protein levels were unaffected by rapamycin in any cell line; however, activity did increase 1.4- 

to 1.6-fold in KU812a and LNCaP (Fig. 18, Tables VIII-XI, Appendix A). 

b. UGA readthrough by the SECIS is not enhanced by rapamycin 

treatment 

The increase in antioxidant protein levels following rapamycin treatment 

was only observed for selenoproteins, and the overall effect was greater in non-CML cell lines.  

Translation initiation is regulated by mTOR, and it was hypothesized that the inhibition of 

mTOR would result in an increase in selenoprotein translation.  All selenoproteins rely on the 

presence of a SECIS element in the 3’-UTR to recode the in-frame UGA for Sec insertion [134].  

A retroviral UGA-readthrough luciferase reporter construct was cloned in order to investigate the 

effects of rapamycin treatment on UGA readthrough (Fig 19C).  LNCaP cells were infected with 

a reporter construct containing a GPx1 SECIS to allow for UGA readthrough 5’ of the luciferase 

gene.  As a control, LNCaP cells were transfected with a reporter construct that did not contain a 
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SECIS.  Following infection, cells were treated with rapamycin for 72 hours, and luciferase 

enzyme levels were determined.  There was no significant increase in UGA readthrough 

following rapamycin treatment (Fig. 19A).   

 

 

 

 

 

Figure 14.  Rapamycin enhances GPx protein and enzyme activity levels in KU812a and 

MEG-01. 

The effect of rapamycin on GPx1 protein (A, B) and enzyme activity (C) in KU812a or MEG-01 

as determined by immunoblotting for GPx1 and actin or by the coupled spectrophotometric GPx 

assay.  Rapamycin significantly increased protein respectively 3-fold and 1.3-fold in KU812a 

and MEG-01 (P = 0.05).  GPx activity was increased 2-fold and 1.5-fold in KU812a and MEG-

01, respectively.  Data shown is representative of one experiment.  Three independent 

experiments were performed.  * = P < 0.001, † = P < 0.05.  Error bars indicate S.D.  
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Figure 15.   Rapamycin treatment did not affect mRNA transcript levels for GPx1 and 

MnSOD following rapamycin treatment in KU812a.   

Effect of rapamycin on GPx1 and MnSOD steady-state transcript levels following 1 ng/mL 

rapamycin in KU812a as assessed by RT-qPCR.  GPx1 Ct values were normalized to the Ct 

values for the housekeeping gene 18s.  mRNA transcript levels were unaffected by rapamycin 

treatment for either GPx1 or MnSOD.  Error bars indicate the S.D.  
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Figure 16.   Rapamycin treatment in non-CML cell lines significantly increases GPx1 

protein and activity levels.   

Effect of treatment with 1 ng/mL rapamycin for 3 days in GM10832 and LNCaP cells on GPx1 

protein (A) and GPx activity (B) as assessed by immunoblotting for GPx1 and actin and by the 

coupled spectrophotometric GPx assay.  GPx1 protein was increased respectively 1.8-fold and 

1.7-fold for GM10832 and LNCaP (P < 0.04).  GPx activity was increased respectively 1.8-fold 

and 3.5-fold in GM10832 and LNCaP.  Data shown is representative of one experiment.  Three 

independent experiments were performed.  * = P < 0.001, ** = P < 0.01.  Error bars indicate the 

S.D.  
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Figure 17.  Rapamycin increases levels of GPx4 and TrxR1 protein levels in cell lines.   

Effect of 1 ng/mL rapamycin on GPx4 and TrxR1 protein levels in KU812a, MEG-01, GM10832 

and LNCaP and effect on pS6 in GM10832 as assessed by immunoblotting for GPx4, TrxR1 and 

actin.  GPx4 and TrxR1 were unchanged by 3-day 1 ng/mL rapamycin treatment in KU812a and 

MEG-01 (P > 0.2), but both were increased in GM10832 (3-fold for GPx4 [P = 0.05] and 2-fold 

for TrxR1 [P = 0.002]).  GPx4 was increased by rapamycin treatment in LNCaP cells (6-fold, P 

= 0.02).  pS6 in GM10832 is representative for all cell lines and indicates inhibition of mTOR 

target pS6, following rapamycin treatment.  Data shown is representative of one experiment.  

Three independent experiments were performed.    
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Figure 18.   MnSOD protein and activity levels are not increased following rapamycin 

treatment.  

Effect of rapamycin treatment on MnSOD protein and enzyme activity in KU812a, MEG-01, 

GM10832 and LNCaP as assessed by immunoblotting for MnSOD and actin and by the 

colorimetric MnSOD activity assay.  None of the investigated cell lines showed an increase in 

MnSOD protein (P > 0.2); however, enzyme levels increased in KU812a and LNCaP following 1 

ng/mL rapamycin treatment for 3 days.  Western blots shown are representative of one 

experiment, three independent experiments were performed.  * = P < 0.02, ** = P < 0.01.  Error 

bars indicate the S.D.  
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Figure 19.   The translational efficiency of UGA readthrough by the GPx1 SECIS is not 

enhanced by rapamycin treatment.  

Effect of rapamycin (1 ng/mL), selenium (100 nM), or both on the translational efficiency of 

UGA readthrough in LNCaP cells infected with the pLNCX-UGA-GPx1 SECIS reporter 

construct (A) as assessed by a luciferase assay; relative luciferase levels were normalized to β-

galactosidase levels to calculate translational efficiency.  SECIS-dependent translational 

efficiency was not increased following 1 ng/mL rapamycin treatment, but was increased 2.6-fold 

by Se.  Assessment of rapamycin on β-galactosidase levels in LNCaP infected with the pLNCX-

UGA control vector (B).  β-galactosidase levels were normalized to cell lysate protein levels.  

(C) Diagramatic representation of pLNCX-UGA-GPx1 containing the GPx1 SECIS element.      

Data shown is representative of one experiment.  Two independent experiments were performed.  

* = P < 0.001.  Error bars indicate the S.D.  
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signaling via the PI3K pathway [261,273].  In order to determine if the increase of GPx1 

following inhibition of Bcr-Abl by imatinib or inhibition of mTOR by rapamcyin was  

propogated via the inhibition of PI3K, LY294002 (a morpholine derivative of quercetin) was 

utilized to inhibit PI3K.  It was expected that inhibition of PI3K would increase GPx activity in a 

manner similar to rapamycin or imatinib treatment.  20 µM treatment of KU812a for 4 days with 

LY294002 resulted in significant decrease of GPx activity (0.75-fold, Fig. 20).  Combinatorial 

treatment with imatinib with LY294002 decreased GPx activity 0.2-fold, whereas rapamycin 

treatment overcame the inhibition of GPx activity by LY294002.   

 

 

 

 

 

Figure 20.  Treatment of KU812a by 20 µM LY294002 for 4 days inhibits PI3K 

phosphorylation activity and decreases GPx activity levels.   

Effect of LY294002 treatment of KU812a on GPx activity levels alone or in combination with 

150 nM imatinib or 1 ng/mL rapamcyin as assessed by the coupled spectrophotometric GPx 

enzyme assay.  LY294002 decreased GPx activity 0.75-fold, while LY294002 in combination 

with imatinib decreased GPx activity 0.2-fold.  Treatment of KU812a with both LY294002 and 

rapamycin recovered GPx activity to control levels.  Data shown is representative of one 

experiment.  Three independent experiments were performed for LY294002 treatment.   

* =  P < 0.001, ** = P < 0.01.    
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D. Discussion 

The initial goal of this study was to determine if the inhibition of Bcr-Abl by the targeted 

kinase inhibitor imatinib induced GPx1 protein and activity in vitro.  The imatinib-induced 

increase of GPx activity in 4 of 7 CML patient samples following imatinib treatment led to the 

hypothesis that inhibition of Bcr-Abl or c-Abl increased GPx1 levels and possibly other 

antioxidant proteins [265].  The data from the previous study (Chapter 2) were surprising, as it 

did not follow the expectation that inhibition of Bcr-Abl would decrease GPx activity.  This 

initial hypothesis had been based on the observation that GPx1 is directly phosphorylated by c-

Abl or Arg in HEK293, SHSY5Y and mouse embryo fibroblasts [232].  In this study, imatinib 

treatment of HEK293 and SHSY5Y resulted in inhibition of GPx activity and it was also 

previously reported that catalase was bound and phosphorylated by c-Abl [232,276].  Both GPx1 

and catalase were stimulated by H2O2 and inhibited apoptotic cell death only in the presence of 

c-Abl or Arg.  Hence, the induction of GPx activity following imatinib treatment was surprising, 

and warranted further investigation, especially as it could potentially result in the description of 

an as yet unknown regulation of GPx1 and other antioxidant proteins.   

1. Inhibition of Bcr-Abl by imatinib increases protein and activity levels of 

multiple antioxidant proteins 

  Because the initial observation that GPx induction occurred in several CML 

patients, the effect of imatinib on GPx1 protein and activity levels was measured in the CML-

derived KU812 Bcr-Abl-positive cell line.  KU812 cells were subcloned to provide a 

homogeneous population in which to begin studying the effects of Bcr-Abl inhibition on GPx1.  

Initially, the response to imatinib of the clonal cell line KU812a was compared to parental 

KU812 in order to determine the maximal dose of imatinib for treatment (Fig. 3).  Both cell lines 
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responded to imatinib treatment in a similar manner, reaching a maximal cytostatic dose of 250 

nM, with similar growth rates in the two untreated populations.  The cytostatic dose of 250 nM 

imatinib was within the expected range of doses as predicted from previously conducted studies 

utilizing KU812, which ranged from 100 nM–1000 nM in most studies [277-280].  Because the 

250 nM was the maximal dose at which imatinib did not kill KU812a, a lower dose of 150 nM 

was selected for studies of the effect of imatinib on antioxidants in KU812a.  The additional 

CML cell line MEG-01 was found to be growth-inhibited at a dose of 300 nM, which was again 

within the range of previously utilized imatinib doses in MEG-01 of 200 nM to 1000 nM [281-

283].  Treatment of the Bcr-Abl-positive KU812a and MEG-01 cell lines with imatinib for 7 

days increased GPx1, MnSOD and TrxR1 protein levels, but not GPx4, or catalase, whose levels 

were lowered by treatment (Fig. 4, 7, 10-11).  Additionally, GPx1 and MnSOD enzyme activity 

was significantly increased (Fig. 4, 7, 10).  The inhibition of catalase in KU812a in response to 

imatinib treatment could indicate that c-Abl phosphorylates and increases catalase levels, as was 

shown in MCF7 and mouse embryo fibroblast cells [276]. 

a. Steady-state mRNA levels of glutathione peroxidase 1 and manganese 

superoxide dismutase are not altered by Bcr-Abl inhibition 

The induction of GPx1 and MnSOD could have been a result of increased 

transcription; both MnSOD and GPx1 transcription are regulated by oxidative response proteins 

such as p53, NF-κB and AP-1, while the transcription of TrxR1 is regulated by Oct-1, Sp1, Sp3 

and Nrf2 [234-237,284-287].  Both these transcription factors and the post-translational 

regulation of redox sites on the enzymes themselves regulate much of the antioxidant response, 

so an induction of transcription would be expected following imatinib treatment.  However, 
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neither GPx1 nor MnSOD steady-state transcript levels were altered following imatinib 

treatment of the KU812a cell line (Fig. 6 and 10).  Glutathione peroxidase 1 and MnSOD share 

multiple common transcription factors with catalase; however, catalase levels were inhibited 

following imatinib treatment, indicating that if Bcr-Abl inhibition altered transcription of these 

antioxidants, catalase levels would have been expected to increase as well [236,238,239,288].  

The transcriptional regulation of GPx4 is complex: a single gene encodes for three isoforms with 

two independent transcription start sites [289,290].  Because transcription does not appear to be 

the mode through which GPx1, MnSOD and TrxR1 are increased following Bcr-Abl inhibition 

by imatinib treatment, it is expected that the induction of these proteins is post-transcriptional. 

b. Inhibition of Bcr-Abl by imatinib increases antioxidant protein levels 

post-transcriptionally 

Transcript stability and translation are two ways in which GPx1, MnSOD 

and TrxR1 levels could be enhanced by Bcr-Abl inhibition.  GPx1 is sensitive to nonsense-

mediated decay in low-selenium conditions when the in-frame UGA codon is not recoded to a 

Sec [132].  Thioredoxin reductase 1 could also potentially be susceptible to this mechanism of 

regulation; however, the location of the UGA codon immediately prior to the stop codon in the 

coding sequence generally protects this transcript from decay [291,292].  Manganese superoxide 

dismutase is also susceptible to mRNA decay in a redox-dependent manner as a result of 

inhibited import of the immature polypeptide chain [293,294].  Additionally, the MnSOD 

transcript is bound by an as yet undetermined RNA-binding protein at a translational enhancer 

element in the 3’-UTR, which may be a component in translation initiation [295-297].  However, 

comparison of GPx1, MnSOD and TrxR1 transcript sequences by alignment reveals little to no 

homology among all three transcripts, limiting the likelihood that the increase in these proteins is 
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through transcript stability or by the regulation of a common RNA binding protein (Appendix B) 

[298,299].  However, MnSOD and TrxR1 did have several regions of homology in their 

transcripts, but not within the same regions of mRNA, as the regions of homology in TrxR1 were 

found within the open reading frame and MnSOD in the 3’-UTR.   

The post-transcriptional up-regulation of MnSOD via translation enhancement and an 

RNA-binding protein could indicate that not all three antioxidant proteins are up-regulated by 

imatinib treatment; instead, MnSOD alone may be enhanced by Bcr-Abl inhibition.  This 

induction of MnSOD by Bcr-Abl inhibition following imatinib treatment could then lead to an 

induction of GPx1 and TrxR1 levels.  The overexpression of MnSOD in vitro has mixed effects 

on the levels of other antioxidant proteins; some studies have shown no effect on GPx1 levels, 

but others have shown that increased MnSOD levels lead to an induction of GPx1.  For example, 

overexpression of MnSOD in clonal line of NIH 3T3 mouse fibroblasts resulted in a 1.8-fold 

increase in MnSOD activity and a 1.5-fold increase in GPx activity, which was hypothesized to 

be an adaptive response to increased H2O2 production by MnSOD [24].  Other NIH 3T3 clones 

which overexpress MnSOD instead adapted to increased ROS levels through decreased 

Cu/ZnSOD levels.  The increase in GPx activity following MnSOD overexpression indicates that 

the induction of one antioxidant may lead to the induction of another; however, overexpression 

of MnSOD in MCF7 breast cancer cells, U118 human glioma, and the A172R rat glioma cell line 

did not increase either GPx1 or catalase levels [25,26,300].  A similar result was obtained in 

C3H10T1/2 mouse cells overexpressing MnSOD [301].  However, subclones of U118 all 

showed increased GPx activity following MnSOD overexpression, which could be a result of the 

selection of a clone with differing endogenous antioxidant levels prior to transfection [25].  Thus, 
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it is unclear if increased MnSOD eventually results in the induction of GPx1, possibly as an 

adaptive response.   

Altering MnSOD levels has no clear effect on the induction of other antioxidant proteins, 

such as GPx1.  Similarly, deletion of GPx1 has no effect on MnSOD levels while overexpression 

of GPx1 in glioma cells which already overexpress MnSOD can overcome MnSOD-induced 

growth suppression, providing further evidence against the possibility that induction of one 

antioxidant following imatinib treatment can lead to subsequent induction of additional 

antioxidants  [302,303].  Co-overexpression of GPx1 and MnSOD in pancreatic cancer cells 

resulted in significantly greater inhibition of cell growth than either protein alone and increased 

xenografted animal survival [304].  These data indicate that GPx1 and MnSOD are more likely 

to be induced simultaneously.  Finally, overexpression of TrxR1 decreases GPx1 in vitro, and an 

increase in GPx1 is correlated with a decrease in TrxR1 in lactating dairy cows [305,306].  It is 

unlikely that the induction of only GPx1, MnSOD or TrxR1 by Bcr-Abl inhibition results in an 

induction of the other antioxidant proteins, as alterations in these proteins have not been shown 

to correlate previously.   

Multiple signal transduction pathways alter translational regulation.  Interferons and the 

Janus kinase (JAK) signal transducer and activator of transcription (STAT) pathway provide a 

potential common post-transcriptional regulatory pathway among GPx1, MnSOD, and TrxR1.  

The construction of a cDNA library of BT-20 breast cancer cells treated with β-interferon 

combined with retinoic acid showed that TrxR1 protein and activity levels increased, but steady-

state mRNA levels did not [307].  Treatment of rat hepatocytes with α-interferon also increased 

MnSOD and GPx1 in a dose-dependent manner; where treatment significantly increased the 

protein levels of MnSOD and enzyme activity of both GPx1 and MnSOD; GPx1 protein was not 
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measured in that study [308].  The induction of these antioxidant proteins by interferons 

indicates a potential route through which these proteins may be induced by Bcr-Abl inhibition. 

c. Increased glutathione peroxidase 1 levels are not a result of decreased 

rates of protein decay 

The induction of MnSOD, GPx1, and TrxR1 protein levels following 

inhibition of Bcr-Abl could be as a result of increased protein stability following imatinib 

treatment.  The antibiotic cycloheximide blocks translation by inhibiting the translocation of 

tRNA during elongation within the ribosomal complex [309,310].  The half-life of GPx1 was 

experimentally determined to be 72 hours in KU812a following cycloheximide treatment.  The 

rate of GPx1 decay following translation inhibition was determined in the presence or absence of 

imatinib for a period up to 96 hours.  There was no evident increase of protein stability in the 

presence of imatinib, as the rate of decay between 72 and 96 hours was similar to that found in 

the absence of imatinib (Fig. 6). 

d. Evidence that post-translational modifications also affect glutathione 

peroxidase 1 and manganese superoxide dismutase activity 

It is likely that post-translational modifications regulate the activity of 

GPx1 and MnSOD following inhibition of Bcr-Abl.  The degree of protein and activity induction 

was not equal between in GPx1 and MnSOD following imatinib treatment, with protein 

induction exceeding activity induction.  GPx1 protein levels were enhanced 7-fold and 4-fold in 

KU812a and MEG-01, but activity only increased respectively 2.5-fold and 1.6-fold (Fig. 4 and 

7).  Similarly, MnSOD protein increased 4-fold in both CML cell lines (KU812a and MEG-01), 

but activity increased 2.5-fold (Fig. 10).  This indicates that an additional level of regulation is 
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limiting the activity of these proteins, despite the increased protein levels.  Both MnSOD and 

GPx1 are modified by phosphate- or acetyl-functional groups, and these modifications could be 

limiting the degree of induction of the activity of these proteins [29,233,252,311].  MnSOD has 

at least two phosphorylation sites, one of which is modified by calcium availability, where 

increases in calcium levels result in de-phosphorylatation of the protein and an increase in 

activity [311].  An activating phosphorylation of MnSOD is predicted on serine (Ser)-106, the 

phosphorylation of which is regulated by cyclin B1/Cdk1 as a stress response [29].  The activity 

of Cdk1 may be inhibited by imatinib [312], limiting the activation of MnSOD by 

phosphorylation.  While phosphorylation by Cdk1 is a viable candidate for the regulation of 

MnSOD, there does not appear to be a Cdk1-responsive phosphorylation site on GPx1; however, 

there is a potential site for Cdk2 phosphorylation (Appendix C) [313].  The enzymatic activity of 

both GPx1 and MnSOD are potentially inhibited by acetylation, and their deacetylation may be 

dependent on the mitochondrial isoform of the sirtuin family, Sirt3, a stress-responsive histone 

deacetylase [31,233,252,314,315].  The potential of a shared regulation of MnSOD and GPx1 by 

inhibition of Sirt3 provides a potential route through which both of these enzymes may be 

partially inhibited by imatinib in Bcr-Abl-positive cells.        

e. Increased antioxidant protein levels following imatinib treatment are 

Bcr-Abl dependent 

Imatinib was designed to specifically target and inhibit the kinase region 

of c-Abl and Bcr-Abl, however, it does bind and inhibit other proteins, such as c-KIT, PDGFR 

and NADPH-quinone oxidoreductase (NQO2) [257,258,316].  c-KIT and PDGFR are both 

receptor tyrosine kinases, and the imatinib IC50 (the dose at which phosphorylation or kinase 

activity reaches 50% of untreated samples) ranges from 0.2-0.3 µM, which is the same as for 
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Bcr-Abl and c-Abl [257,258].  The IC50 for imatinib binding to NQO2 is 1.0 µM, which could 

partly be attributed to the fact that imatinib must adopt a bent conformation in order to bind the 

active site of NQO2 [316,317].  The binding of imatinib to multiple proteins could indicate that, 

despite GPx1, MnSOD and TrxR1 induction in Bcr-Abl-positive cell lines, it could be the 

inhibition of one of these other proteins that increases GPx1, MnSOD and TrxR1.  However, 

treatment of cells which do not carry the Bcr-Abl translocation (LNCaP) and the immortalized 

B-lymphocyte line (GM10832) with imatinib did not alter protein or enzyme activity for GPx1, 

MnSOD and TrxR1 (Fig. 8, 12).  If c-Abl, c-KIT, PDGFR, or NQO2 were involved in the 

regulation of these antioxidant proteins, it would be expected that GPx1, MnSOD and TrxR1 

levels would have also increased after imatinib treatment in the absence of Bcr-Abl.  

Additionally, transfection of a vector containing the Bcr-Abl transcript into LNCaP significantly 

decreased GPx1 protein and enzyme activity, but not the protein levels of either MnSOD or 

TrxR1 (Fig. 9 and 13).  The inhibition of GPx1 following expression of ectopic Bcr-Abl 

demonstrates the probability that Bcr-Abl may inhibit GPx1 protein levels, but that MnSOD and 

TrxR1 are not directly inhibited by Bcr-Abl expression.   Increased levels of these two 

antioxidant proteins may be a response of the cell in order to counteract the induction of 

apoptosis by imatinib.  Imatinib treatment induces apoptosis in CML cells by activation of 

caspases via the depolarization of the mitochondrial membrane, and the increases in MnSOD and 

TrxR1 levels could counter apoptosis induced by imatinib treatment, as both of these proteins 

can inhibit apoptosis [29,114,318].   



74 

 

 

2. Inhibition of mTOR by rapamycin increases the protein levels of specific 

selenoproteins 

a. Increased selenoprotein levels following mTOR inhibition are 

independent of Bcr-Abl 

The Bcr-Abl kinase up-regulates multiple signal transduction pathways, 

including the PI3K-Akt-mTOR translation pathway [261,273].  Because the imatinib-induced 

increase in GPx1, MnSOD, and TrxR1 is post-transcriptional, these proteins are likely induced 

by translational regulation.  The phosphorylation of p70S6 kinase (p70S6K) and eukaryotic 

translation initiation factor 4E-binding protein 1 (4EBP1) is regulated by mTOR, which results in 

the phosphorylation of the ribosomal complex protein S6 and the activation of the initiation 

factor eIF4E [274,275].  There are multiple inhibitors of mTOR, such as rapamycin/sirolimus, 

everolimus, and temsirolimus; however, most of these compounds inhibit total mTOR activity, 

whereas rapamycin directly inhibits only mTOR directed translation [319].  Treatment of 

KU812a, MEG-01, GM10832 and LNCaP cells with 1 ng/mL rapamycin for a period of 72 hours 

resulted in a significant increase in GPx1 protein and activity levels (Fig. 14 and 16).  GPx4 was 

also increased in GM10832 and LNCaP, while TrxR1 was increased only in GM10832 (Fig. 17).  

Surprisingly, MnSOD protein was unaltered by rapamycin treatment in all cell lines examined, 

but MnSOD enzyme activity was increased in KU812a and LNCaP (Fig. 18).  The dose of 1 

ng/mL rapamycin was selected because it was the lowest cytostatic dose for all cell lines and 

within the range of cytostatic doses utilized in previous studies (0.1-10 ng/mL) [320,321].  

Rapamycin inhibition of mTOR induces severe alterations in mitochondrial membrane potential 

and decreases ATP production and oxygen consumption via the inhibition of the mTOR-

mediated biogenesis and maintenance of mitochondria [322,323].  The increase of MnSOD 
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activity following treatment with rapamycin could be in response to changes in the mitochondria 

as a result of altered phosphorylation or acetylation of MnSOD [322].  The lack of response to 

mTOR inhibition by GPx4 and TrxR1 in the CML cell lines and for TrxR1 in LNCaP could be 

attributed to the fact that all of the cell lines utilized have numerous mutations and deletions of 

key proteins, which confer their cancer or immortalized phenotype [270-272,324].  It would be 

nearly impossible to characterize the differences inherent in all of these lines, so the differential 

induction of GPx4 and TrxR1 as compared to GPx1 may be a result of the cell lines' genetic 

complexity.  The increase in GPx1 levels was not a result of altered transcription, as steady-state 

levels were not altered following inhibition of mTOR.   

 The post-transcriptional increase in GPx1 following rapamycin treatment supports data 

from the previous imatinib study, and supports that GPx1 may be regulated via the PI3K-Akt-

mTOR pathway, both in the presence and absence of Bcr-Abl.  The induction of the 

selenoproteins GPx4 and TrxR1 in LNCaP or GM10832 following mTOR inhibition could 

indicate that inhibition of mTOR results in a more generalized up-regulation of multiple 

selenoproteins.  Additionally, the induction of GPx1, GPx4, and TrxR1 in GM10832 (the only 

non-cancer cell line utilized in this study) supports that these selenoproteins may be commonly 

regulated by mTOR.   

b. Increased glutathione peroxidase 1 levels by inhibition of mTOR may 

be independent of PI3K regulation. 

The functionality of mTOR is dependent upon the formation of regulatory 

complexes (mTORC); rapamycin specifically inhibits the phosphorylation of p70S6K by 

mTORC1 with only partial inhibition of the 4EBP1 signaling arm [325-327].  Thus, it is 

probable that the inhibition of p70S6K increases selenoprotein levels.  However, prolonged 
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treatment of cells with rapamycin also eventually results in the inhibition of mTORC2 which 

phosphorylates and activates Akt [328].  The inhibition of mTORC2 could also increase 

selenoprotein levels following the inhibition of Akt, which is downstream of PI3K, signaling to 

an alternative mTORC1-independent pathway.  Indeed, the inhibition of PI3K by LY294002 in 

KU812a significantly decreased GPx activity, which was opposite of the expected increase of 

GPx activity following PI3K inhibition.  The combined treatment of KU812a with LY294002 

and imatinib further decreased GPx activity, while combined treatment with LY294002 and 

rapamycin rescued GPx activity to basal levels (Fig. 20).  The inhibition of GPx activity 

following inhibition of PI3K indicates that the PI3K pathway could induce GPx1 levels.  The 

PI3K pathway is pro-survival; in addition to regulating mTOR, it also regulates transcription 

factors such as NF-κB, which regulates the transcription of GPx1 [236,329,330].  Glutathione 

peroxidase 1 mRNA levels were not measured following treatment of KU812a with LY294002.  

Inhibition of PI3K thus could have decreased transcription of GPx1, which was enhanced by the 

Bcr-Abl inhibition of GPx1 protein via mTOR.   

The post-transcriptional regulation of the selenoproteins GPx1, GPx4 and TrxR1 is likely 

dependent on mTOR, but not via the signaling of PI3K-Akt because inhibition of PI3K reduces 

GPx activity.  The Tsc1/Tsc2 protein complex inhibits mTOR activity by the inhibition of the 

protein Ras homolog enriched in brain (RHEB), a necessary component in the activation and 

assembly of mTORC1, and Tsc1/Tsc2 activity is inhibited by Akt phosphorylation following 

activation by PI3K [331-334].  The Erk component of the MAPK pathway also activates mTOR 

by the inhibition of Tsc1/Tsc2, removing RHEB inhibition and activating mTOR.  Thus, the 

regulation of mTOR by Tsc1/Tsc2 is via a shared pathway between PI3K and MAPK [334].  The 

potential that GPx1 and potentially other selenoproteins is regulated via the MAPK pathway and 
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mTOR is suggested in Saccharomyces cerevisiae following deletion of Ras, which results in an 

increase of protein levels of the yeast homolog of GPx1 [335].  Inhibition of target of rapamycin 

(TOR) in S. cerevisiae by rapamycin also induces GPX1 gene expression.  Target of rapamycin 

in yeast regulates both transcription and translation; therefore, the induction of GPX1 instead of 

protein by TOR inhibition is not surprising.  As evidenced by the regulation of mTOR by both 

the MAPK and PI3K signal transduction pathways, there is much crosstalk between these two 

pathways [331-334].  This makes it difficult to predict which of these pathways is responsible for 

the increased levels of GPx1, GPx4 and TrxR1 following mTOR inhibition.  However, the 

regulation of mTOR activity by the MAPK signal transduction pathway coupled with evidence 

that inhibition of PI3K decreases GPx activity presents a plausible route by which GPx1, GPx4 

and TrxR1 are induced. 

c. Increased glutathione peroxidase 1 levels following inhibition of 

mTOR are not dependent on the selenocysteine insertion sequence 

element for UGA recoding 

 Glutathione peroxidase 1, GPx4 and TrxR1 are all members of the 

selenoprotein family, all of which encode an in-frame UGA for selenocysteine insertion [95,96].  

The translation of selenoproteins requires a stem-loop structure in the 3’-UTR, the 

selenocysteine-insertion sequence (SECIS), in order to recode the UGA from a stop codon into a 

selenocysteine codon [134].  This process requires multiple accessory proteins, such as SBP2, 

EFSec, Sec synthase, and others, to bind the SECIS, synthesize the Sec on the tRNA, and bring 

both complexes to the ribosomal machinery [336].  The recoding of the UGA via the SECIS 

element is a potential route by which GPx1, GPx4, and TrxR1 may be regulated by mTOR-

sensitive proteins.  A luciferase reporter construct containing an in-frame UGA and the GPx1 
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SECIS sequence was used to measure the effect of rapamycin on SECIS-dependent UGA 

recoding.  Inhibition of mTOR by rapamycin did not alter luminescence produced by the SECIS 

reporter construct, which indicates the probability that regulation of GPx1 protein levels by 

mTOR is not by UGA recoding. 

d. Mammalian target of rapamycin may alter levels of glutathione 

peroxidase 1 and other selenoproteins by altering translation 

initiation or elongation   

As with all proteins, selenoproteins are also susceptible to regulation of 

translation initiation and elongation of the polypeptide chain.  Because the recoding of the UGA 

by the GPx1 SECIS element is not altered following mTOR inhibition, it is probable that the 

observed induction of GPx1 protein occurs at initiation or elongation.  Glutathione peroxidase 4 

translation is regulated by the binding of guanine-rich sequence-binding factor 1 (GRSF-1) to the 

GPx4 5’-UTR at an A(G)4A motif [337].  Binding of GRSF-1 to the GPx4 transcript increases 

GPx4 protein levels, either through increased Sec insertion efficiency or by an increase in 

ribosomal binding to the transcript.  However, it is unlikely that GRSF-1 also regulates the 

translation of GPx1 and TrxR1 because neither of the transcripts contain the GRSF-1 binding 

motif, as determined by BLAST nucleotide sequence analysis [298,299].  The antioxidant 

protein DJ-1, which reduces H2O2 by the oxidation of cysteine at its active site, also binds GPx2, 

GPx3, SelW, SepS, and GPx4 mRNA [338-340].  The translation of GPx4 is inhibited when DJ-

1 is bound to its 5’-UTR [338].  Oxidation of DJ-1 releases the protein from the GPx4 transcript 

and results in a post-transcriptional increase in GPx4 levels.  Increased expression of DJ-1 also 

increases mTOR activity, especially in response to hypoxic conditions [341].  The release of DJ-
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1 from the 5’-UTR of selenoproteins may occur in cooperation with mTOR inhibition by 

rapamcyin and contribute to the regulation of GPx1, GPx4 and TrxR1.   

Selenoprotein translation is inefficient; ribosomal loading is approximately one-fifth that 

expected for the length of a given selenoprotein transcript [342].  Actively translated mRNAs are 

predicted to have a ribosomal complex every 80-100 nucleotides, which for GPx4 would predict 

5-6.5 ribosomal complexes [343,344].  Instead, the GPx4 transcript is found to have 1-2 

complexes bound to the transcript, which correspond to the length of the transcript up to the 

UGA codon.  Mutation of the Sec to a cysteine (Cys) increases translation efficiency 100 times 

and increases ribosomal loading to predicted levels.  Selenoprotein translation is dependent on a 

balance between termination factors that will result in premature termination at the UGA and the 

UGA recoding elements; the balance of termination and recoding alters the efficiency of Sec 

insertion [345-347].  It is possible that the regulation of GPx1, GPx4 and TrxR1 by mTOR 

inhibition is via the efficiency of Sec incorporation, independent of the presence and activity of 

the SECIS and its associated proteins.  Both initiation and elongation are viable mechanisms for 

the mTOR-directed translational regulation of GPx1, GPx4 and TrxR1.   

  



80 

 

IV. CONCLUSIONS AND FUTURE DIRECTIONS 

The post-transcriptional regulation of antioxidant enzymes is one route by which the 

redox state of the cell is maintained.  Unfortunately, we have a very limited understanding of the 

mechanisms that control the regulation of antioxidant protein translation and activation for many 

of these proteins, especially selenoprotein antioxidants like GPx1 [120].  Knowledge of the post-

transcriptional regulation of these proteins will aid in better understanding their other roles 

within the cell, such as apoptosis, cellular proliferation, fertility, and the onset of cancer, 

diabetes, and other disease states [80].  

The observation that treatment of CML patients with imatinib increased GPx activity in a 

subset of samples revealed a potential mechanism by which GPx1 and other antioxidants may be 

regulated by Bcr-Abl.  We were unable to determine if there was an association between 

increased GPx activity and patient outcome since only one of the patients studied failed to 

respond to imatinib treatment.  Longer-term follow-up in these patients and a greater sample set 

could reveal the impact of increased GPx activity in these patients and what proportion of the 

CML population responds to imatinib treatment with an increase in GPx activity.  The in vivo 

observation of an imatinib-induced increase in GPx activity also occurred in vitro in two separate 

CML cell lines; unexpectedly, MnSOD and TrxR1 proteins were also increased.  The induction 

of these antioxidant proteins by imatinib treatment and inhibition of Bcr-Abl was limited to the 

CML lines, and only GPx1 was susceptible to inhibition by ectopic expression of Bcr-Abl in 

LNCaP human prostate cancer cells.  The suppression of GPx1 by overexpression of Bcr-Abl 

may indicate that GPx1 protein is inhibited by Bcr-Abl and in CML and its inhibition could be a 

factor in disease initiation and early progression by the loss of a major antioxidant enzyme [348].  

If GPx1 is inhibited by Bcr-Abl, it may be a contributing factor to the increase in ROS levels 
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observed in some CML patients [349].  The suppression of GPx1 by Bcr-Abl suggests that GPx1 

could be utilized as an additional target in the treatment of CML.  The biological impact of the 

decrease in GPx1 by Bcr-Abl nor the impact of the release of suppression by imatinib was not 

investigated in this study, thus further studies are necessary on the biological implications of 

GPx1 suppression and its induction in treatment.  The increased levels of MnSOD and TrxR1 

protein could have been induced by the cell in order to counter the effects of imatinib treatment 

and the induction of apoptosis.  The levels of MnSOD and TrxR1 were increased in the CML 

cell lines following imatinib treatment but ectopic expression of Bcr-Abl in LNCaP human 

prostate cancer cells did not inhibit either of these proteins.  Increased antioxidant capacity 

during imatinib treatment could have negative connotations on treatment efficacy if it 

counteracts apoptotic signaling and thus, could be a contributing factor in the onset of imatinib 

resistance, which occurs in the majority of CML cases treated for prolonged periods with 

imatinib [318].   

The Bcr-Abl-dependent imatinib induction of GPx1 and other antioxidant proteins 

revealed a mechanism by which these proteins could be regulated post-transcriptionally and/or 

post-translationally.  The regulation of translation by mTOR provided a prime candidate to 

investigate the Bcr-Abl-dependent effects on GPx1 levels.  Inhibition of mTOR by rapamycin 

increased GPx1 levels as expected, but surprisingly, two additional selenoproteins, TrxR1 and 

GPx4, were also altered by mTOR inhibition.  Further analysis of GPx1 protein revealed that, 

while inhibition of mTOR by rapamycin increased GPx1, the inhibition was most likely not 

propagated via the PI3K pathway because direct inhibition of PI3K resulted in a significant 

decrease in GPx activity, which rapamcyin could recover.  These two experiments revealed a 

complex regulation of GPx1, which requires further investigation.  The PI3K pathway may be 
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inducing GPX1 expression while mTOR via the MAPK pathway is inhibiting its translation, as 

shown in Fig. 21.  In order to determine if the proposed pathway is correct, mRNA levels for 

GPx1 should be assessed following PI3K inhibition, as should protein and activity levels 

following MAPK inhibition.  

 

 

 

Figure 21.   Proposed signaling cascade for the regulation of GPx1 transcription and 

translation.  
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The observation that the SECIS-dependent readthrough of the selenocysteine codon was 

unaffected by mTOR inhibition indicates that the SECIS element is not necessary for this post-

transcriptional regulation of GPx1.  It is likely, instead, that this regulation is via translation 

initiation and elongation.  The mTOR inhibitor rapamycin predominately targets the p70S6K 

arm of the mTOR translation pathway, with only partial inhibition of the activity of eIF4E via 

4EBP1 [325-327].  It is potentially through the p70S6K-regulated initiation of translation that an 

as yet unspecified protein is translated which may inhibit subsequent translation of GPx1 and 

other selenoproteins.  Alternatively, because p70S6K and S6 regulate translation initiation, the 

observation that GPx1 and other selenoprotein levels are increased by the inhibition of p70S6K 

may reveal a mechanism by which p70S6K inhibits translation of specific proteins such as 

selenoproteins.  The inefficiency of selenoprotein translation could be partially attributed to the 

competition between the SECIS element and translational termination at the UGA codon 

[342,345,346].  The S6-directed assembly of the ribosomal complex on GPx1 mRNA could 

potentially be a factor in the efficiency of the translation of the transcript, as could the 

competition between termination and SECIS recoding at the UGA, which can be overcome by 

the mutation of Sec to Cys.  Further investigation into which of these two routes, if not both, may 

inhibit GPx1 translation is warranted.   

Treatment of CML cells with imatinib revealed an additional mechanism by which 

protein activity levels may be altered in treatment.  The induction of GPx1 and MnSOD protein 

was more robust than the induction of their activity.  Both GPx1 and MnSOD have been shown 

to be acetylated, and their activation may be dependent on deacetylation via Sirt3; the moderate 

induction of activity by imatinib could indicate that imatinib alters the acetylome 

[31,252,314,315].  In fact, the hyperacetylation of multiple proteins occurs in the presence of 



84 

 

 

imatinib, and this could indicate the mechanism by which GPx1 and MnSOD activity fails to 

correlate with their protein levels following imatinib treatment.   

Ultimately, the data presented in this dissertation demonstrate that multiple antioxidant 

proteins are regulated in a post-transcriptional manner in the presence of Bcr-Abl.  Also, 

regulation of GPx1 and other selenoprotein levels may be via mTOR translational control, which 

is independent of the presence of Bcr-Abl.  Additionally, the inhibition of GPx activity by PI3K 

inhibition could potentially reveal a mechanism by which GPx1 transcription is regulated via 

NF-κB, a known transcriptional regulator of GPx1 [236].  If the proposed model is correct, it 

would reveal a previously undescribed mechanism by which GPx1 and potentially other 

selenoproteins are regulated, independent of selenium availability and the 3’-UTR SECIS 

element.  Better understanding of the post-transcriptional control of antioxidants will provide 

further insight into the delicate balance between antioxidants and ROS, and how selenoproteins 

particularly affect this balance.   
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APPENDICES 

 

APPENDIX A 

 

Raw densitometry data for protein analysis 

 

TABLE II. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE EFFECT OF IMATINIB TREATMENT OF KU812A 

ON SELECTED ANTIOXIDANT PROTEINS 

 

 

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

Average 

Densitometry

Standard 

Deviation

Fold 

Change

Average of 

fold change

Standard 

Deviation

T-Test        

P- value

KU812a GPx1 0 nM Imatinib 4159.10 7251.38 0.57 0.25 0.28 2.28 1.00 1.11 0.02

729.92 9813.55 0.07 0.30

703.36 6610.71 0.11 0.42

150 nM Imatinib 15326.78 8222.96 1.86 2.32 0.91 7.41 9.24 3.63

17189.00 5095.38 3.37 13.42

8739.05 5052.54 1.73 6.88

KU812a GPx1 0 nM Imatinib 1022.36 9481.45 0.11 1.00

100 nM Imatinib 4307.33 9170.98 0.47 4.36

150 nM Imatinib 9396.81 10006.62 0.94 8.71

KU812a GPx1 0 day 1906.42 9636.18 0.20 1.00

3 day 4588.39 6346.83 0.72 3.65

7 day 4744.84 5054.69 0.94 4.74

KU812a MnSOD 0 nM Imatinib 3373.50 10871.18 0.31 0.35 0.09 0.88 1.00 0.26 0.004

1865.50 6483.69 0.29 0.82

2892.95 6295.34 0.46 1.30

150 nM Imatinib 7733.77 7430.96 1.04 1.09 0.20 2.95 3.08 0.56

11358.89 8711.12 1.30 3.70

7517.60 8217.95 0.91 2.59

KU812a Catalase 0 nM Imatinib 8409.59 8614.60 0.98 0.76 0.25 1.28 1.00 0.33 0.24

6591.69 7992.93 0.82 1.08

6031.48 12410.00 0.49 0.64

150 nM Imatinib 7682.35 12161.58 0.63 0.56 0.07 0.83 0.73 0.09

6331.99 11670.37 0.54 0.71

4510.93 9030.73 0.50 0.66

KU812a GPx4 0 nM Imatinib 11911.61 13109.08 0.91 0.97 0.57 0.94 1.00 0.59 0.34

5414.95 12644.47 0.43 0.44

9280.10 5911.40 1.57 1.62

150 nM Imatinib 5108.31 16378.95 0.31 0.56 0.31 0.32 0.58 0.32

9313.76 10325.02 0.90 0.93

10219.37 21879.37 0.47 0.48

KU812a TrxR1 0 nM Imatinib 4660.40 10913.62 0.43 0.56 0.12 0.76 1.00 0.21 0.01

6231.21 10107.21 0.62 1.09

6938.03 10684.67 0.65 1.15

150 nM Imatinib 16433.64 7566.96 2.17 1.48 0.73 3.85 2.63 1.29

12552.05 8061.43 1.56 2.76

3324.38 4637.72 0.72 1.27
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APPENDIX A (continued) 

 

TABLE III. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE EFFECT OF CYCLOHEXIMIDE ± IMATINIB 

TREATMENT OF KU812A PROTEIN DECAY RATE OF GPX1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

KU812a GPx1 Control 21391.66 21618.66 0.989499812

150 nM Imatinib 9003.861 9896.933 0.909762752

72 hour 25 ug/ml cycloheximide 9161.953 10870.066 0.842860844

Imatinib + cycloheximide 14099.832 14260.652 0.988722816

150 nM Imatinib 15794.518 14272.066 1.106673554

96 hour 25 ug/ml cycloheximide 4583.74 10137.773 0.452144667

Imatinib + cycloheximide 1180.841 6608.882 0.17867485
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APPENDIX A (continued) 

TABLE IV. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE EFFECT OF IMATINIB TREATMENT OF MEG-01 

ON SELECTED ANTIOXIDANT PROTEINS 

 

 

 

 

 

 

 

 

 

 

 

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

Average 

Densitometry

Standard 

Deviation

Fold 

Change

Average of 

fold change

Standard 

Deviation

T-Test        

P- value

MEG01 GPx1 0 nM Imatinib 2517.91 21585.92 0.12 0.12 0.01 0.97 1.00 0.09 0.03

3073.91 27684.69 0.11 0.93

3791.81 28800.99 0.13 1.10

300 nM Imatinib 19393.28 26873.11 0.72 0.50 0.20 6.02 4.14 1.67

9777.71 28594.99 0.34 2.85

12833.61 30166.96 0.43 3.55

MEG01 MnSOD 0 nM Imatinib 1434.65 8603.74 0.17 0.23 0.09 0.73 1.00 0.40 0.002

873.23 4729.81 0.18 0.81

1677.86 5075.54 0.33 1.45

300 nM Imatinib 3797.75 5606.21 0.68 0.82 0.12 2.98 3.59 0.53

5806.97 6577.90 0.88 3.88

3774.13 4245.23 0.89 3.91

MEG01 Catalase 0 nM Imatinib 3447.96 6527.40 0.53 0.40 0.16 1.34 1.00 0.42 0.88

2481.74 5553.21 0.45 1.13

1175.06 5563.33 0.21 0.53

300 nM Imatinib 3354.00 7094.38 0.47 0.38 0.08 1.20 0.96 0.21

2157.13 6762.05 0.32 0.81

1510.69 4407.15 0.34 0.87

MEG01 GPx4 0 nM Imatinib 6315.57 5749.21 1.10 1.12 0.25 0.98 1.00 0.22 0.16

4986.20 5598.21 0.89 0.79

7634.50 5511.86 1.39 1.23

300 nM Imatinib 2267.36 7014.21 0.32 0.71 0.33 0.29 0.63 0.30

6364.45 6821.35 0.93 0.83

4180.31 4833.35 0.86 0.77

MEG01 TrxR1 0 nM Imatinib 358.08 10278.98 0.03 0.03 0.01 1.08 1.00 0.15 0.0004

262.80 9886.21 0.03 0.82

352.11 9882.38 0.04 1.10

300 nM Imatinib 7433.86 9212.96 0.81 0.82 0.11 24.94 25.21 3.42

10095.62 10849.08 0.93 28.77

6354.57 8954.84 0.71 21.94
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APPENDIX A (continued) 

TABLE V. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE EFFECT OF IMATINIB TREATMENT OF GM10832 

ON SELECTED ANTIOXIDANT PROTEINS  

 
a
 P-value calculated between 0 nM imatinib and 150 nM imatinib 

b
 P-value calculated between 0 nM imatinib and 300 nM imatinib 

  

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

Average 

Densitometry

Standard 

Deviation

Fold 

Change

Average of 

fold change

Standard 

Deviation

T-Test        

P- value

GM10832 GPx1 0 nM Imatinib 8278.33 7593.03 1.09 1.09 0.13 1.00 1.00 0.12 0.17
a

10578.69 8626.05 1.23 1.12 0.08
b

8139.98 8434.67 0.97 0.88

150 nM Imatinib 7189.15 7274.40 0.99 0.96 0.03 0.90 0.88 0.02

7315.26 7805.93 0.94 0.86

8564.84 8854.05 0.97 0.88

300 nM Imatinib 8809.79 9023.10 0.98 0.90 0.07 0.89 0.82 0.06

7481.84 8819.71 0.85 0.78

6301.55 7252.50 0.87 0.79

GM10832 MnSOD 0 nM Imatinib 4179.77 4709.52 0.89 1.04 0.33 0.86 1.00 0.32 0.13
a

8985.79 6376.47 1.41 1.36 0.08
b

4248.77 5255.38 0.81 0.78

150 nM Imatinib 5220.48 6428.28 0.81 0.57 0.26 0.78 0.55 0.26

1725.94 6021.67 0.29 0.28

3476.38 5786.81 0.60 0.58

300 nM Imatinib 9653.55 6547.13 1.47 1.53 0.18 1.42 1.48 0.18

9324.72 6774.13 1.38 1.33

12970.62 7492.40 1.73 1.67

GM10832 Catalase 0 nM Imatinib 6060.13 8166.33 0.74 0.76 0.02 0.98 1.00 0.02 0.09
a

7152.01 9531.69 0.75 0.99 0.05
b

7403.50 9543.21 0.78 1.03

150 nM Imatinib 5914.21 8053.93 0.73 0.67 0.06 0.97 0.89 0.08

5888.55 8761.00 0.67 0.89

6210.55 10201.54 0.61 0.81

300 nM Imatinib 3585.55 10164.21 0.35 0.46 0.18 0.47 0.61 0.24

3132.55 8831.35 0.35 0.47

3571.89 5319.81 0.67 0.89

GM10832 GPx4 0 nM Imatinib 17155.68 7140.64 2.40 2.70 0.42 0.89 1.00 0.16 0.48

14963.18 4982.69 3.00 1.11

150 nM Imatinib 14204.42 5241.66 2.71 2.16 0.78 1.00 0.80 0.29

13576.81 8445.74 1.61 0.59

GM10832 TrxR1 0 nM Imatinib 5327.56 2751.23 1.94 1.27 0.58 1.53 1.00 0.46 0.31

6477.33 7128.62 0.91 0.72

8671.45 9099.23 0.95 0.75

150 nM Imatinib 6118.26 8895.86 0.69 0.76 0.07 0.54 0.60 0.05

8056.96 10285.79 0.78 0.62

4191.50 5132.78 0.82 0.65
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APPENDIX A (continued) 

TABLE VI. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE EFFECT OF IMATINIB TREATMENT OF LNCAP 

ON SELECTED ANTIOXIDANT PROTEINS  

 
 

 

 

 

 

 

 

 

 

 

  

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

Average 

Densitometry

Standard 

Deviation

Fold 

Change

Average of 

fold change

Standard 

Deviation

T-Test        

P- value

LNCaP GPx1 0 nM Imatinib 7073.91 5807.08 1.22 1.08 0.51 1.12 1.00 0.47 0.45

9780.50 6463.23 1.51 1.40

5515.69 10620.21 0.52 0.48

500 nM Imatinib 6423.35 6988.38 0.92 0.83 0.16 0.85 0.76 0.15

7953.23 8637.81 0.92 0.85

4595.74 7170.91 0.64 0.59

LNCaP MnSOD 0 nM Imatinib 6300.33 5521.21 0.73 0.67 0.06 1.09 1.00 0.09 0.13

9818.23 9384.98 0.67 1.00

4906.08 8439.08 0.61 0.91

500 nM Imatinib 3695.91 8362.01 0.35 0.46 0.18 0.53 0.68 0.27

8265.67 6013.77 0.35 0.53

6728.57 8081.67 0.67 1.00

LNCaP Catalase 0 nM Imatinib 5862.33 6439.84 0.91 0.84 0.21 1.08 1.00 0.24 0.70

7829.08 7825.71 1.00 1.19

5864.38 9637.40 0.61 0.72

500 nM Imatinib 6678.98 7978.86 0.84 1.03 0.77 1.00 1.22 0.91

8418.03 4501.33 1.87 2.23

3316.23 8817.26 0.38 0.45

LNCaP GPx4 0 nM Imatinib 3919.13 7057.62 0.56 0.61 0.08 0.91 1.00 0.13 0.40

5524.50 7858.59 0.70 1.15

5329.62 9264.98 0.58 0.94

500 nM Imatinib 5820.79 7766.52 0.75 1.07 0.83 1.23 1.75 1.36

8752.08 4344.21 2.01 3.30

3623.50 8197.26 0.44 0.72
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APPENDIX A (continued) 

TABLE VII. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE TRANSFECTION OF BCR-ABL INTO LNCAP ON 

GPX1  

 
a
 P-value calculated for Vector compared to KD Bcr-Abl 

b
 P-value calculated for Vector compared to Bcr-Abl 

c
 KD Bcr-Abl = Kinase deficient Bcr-Abl vector 

  

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

Average 

Densitometry

Standard 

Deviation

Fold 

Change

Average of 

fold change

Standard 

Deviation

T-Test        

P- value

LNCaP GPx1 Vector 6744.67 3495.01 1.93 1.68 0.29 1.15 1.00 0.17 0.006
a

6362.62 3653.67 1.74 1.04 0.02
b

7814.03 5710.23 1.37 0.81

KD Bcr-Abl
c

5306.38 8918.10 0.60 0.73 0.11 0.35 0.43 0.07

3290.20 4139.81 0.79 0.47

5440.28 6905.79 0.79 0.47

Bcr-Abl 1552.91 4201.18 0.37 0.74 0.36 0.22 0.44 0.21

5071.21 4660.79 1.09 0.65

4728.06 6232.36 0.76 0.45

LNCaP MnSOD Vector 8130.38 9235.45 0.88 1.23 0.53 0.72 1.00 0.43 0.8
a

12167.62 6639.23 1.83 1.50 0.32
b

9187.15 9536.62 0.96 0.79

KD Bcr-Abl
c

10955.86 8674.33 1.26 1.31 0.04 1.03 1.07 0.03

9613.91 7299.45 1.32 1.07

8940.45 6680.03 1.34 1.09

Bcr-Abl 9173.91 6840.23 1.34 1.75 0.60 1.09 1.43 0.49

10923.45 4471.69 2.44 1.99

8101.31 5526.36 1.47 1.20

LNCaP TrxR1 Vector 6811.01 9482.79 0.72 0.93 0.25 0.77 1.00 0.27 0.11
a

9028.96 7464.74 1.21 1.30 0.18
b

8567.96 9972.86 0.86 0.92

KD Bcr-Abl
c

11445.84 8926.64 1.28 1.30 0.19 1.38 1.40 0.21

8515.84 7640.62 1.11 1.20

9710.96 6479.57 1.50 1.61

Bcr-Abl 7905.60 7119.59 1.11 1.51 0.57 1.20 1.62 0.62

10116.84 4668.38 2.17 2.33

7280.89 5821.43 1.25 1.35
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APPENDIX A (continued) 

TABLE VIII. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE EFFECT OF RAPAMYCIN TREATMENT OF 

KU812A ON SELECTED ANTIOXIDANT PROTEINS  

 

  

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

Average 

Densitometry

Standard 

Deviation

Fold 

Change

Average of 

fold change

Standard 

Deviation

T-Test        

P- value

KU812a GPx1 0 ng/ml Rapamycin 3859.79 12331.52 0.31 0.35 0.03 0.90 1.00 0.09 0.05

3696.81 10282.35 0.36 1.03

5319.88 14125.00 0.38 1.08

1 ng/ml Rapamycin 11661.59 16061.30 0.73 1.04 0.42 2.08 2.96 1.21

10637.62 12270.54 0.87 2.48

11260.52 7419.13 1.52 4.34

KU812a MnSOD 0 ng/ml Rapamycin 3501.90 2785.03 1.26 1.15 0.24 1.09 1.00 0.21 0.23

4521.69 5144.54 0.88 0.76

4327.72 3286.93 1.32 1.14

1 ng/ml Rapamycin 5199.03 2752.95 1.89 2.58 1.71 1.64 2.24 1.48

4849.67 1073.53 4.52 3.92

8700.64 6595.10 1.32 1.15

KU812a GPx4 0 ng/ml Rapamycin 9400.40 10268.59 0.92 0.90 0.03 1.02 1.00 0.03 0.10

7066.15 7756.03 0.91 1.02

9517.88 11068.32 0.86 0.96

1 ng/ml Rapamycin 13201.97 10585.40 1.25 1.33 0.35 1.39 1.49 0.39

10666.28 6217.81 1.72 1.92

10945.59 10594.30 1.03 1.15

KU812a TrxR1 0 ng/ml Rapamycin 6929.13 8737.50 0.79 0.75 0.05 1.06 1.00 0.06 0.21

5303.67 7582.38 0.70 0.93

7205.91 9561.40 0.75 1.01

1 ng/ml Rapamycin 9402.35 10840.69 0.87 1.04 0.38 1.16 1.39 0.51

8631.23 11037.10 0.78 1.04

7968.03 5385.85 1.48 1.98
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APPENDIX A (continued) 

TABLE IX. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE EFFECT OF RAPAMYCIN TREATMENT OF MEG-

01 ON SELECTED ANTIOXIDANT PROTEINS  

  

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

Average 

Densitometry

Standard 

Deviation

Fold 

Change

Average of 

fold change

Standard 

Deviation

T-Test        

P- value

MEG01 GPx1 0 ng/ml Rapamycin 8987.86 13628.40 0.66 0.69 0.05 0.95 1.00 0.07 0.05

12322.71 16486.18 0.75 1.08

10668.88 15976.05 0.67 0.97

1 ng/ml Rapamycin 10344.02 13148.98 0.79 0.88 0.11 1.14 1.28 0.16

15453.76 15371.05 1.01 1.45

13863.49 16067.69 0.86 1.25

MEG01 MnSOD 0 ng/ml Rapamycin 7459.59 10944.33 0.68 0.79 0.09 0.87 1.00 0.12 0.47

12272.44 14465.86 0.85 1.08

11141.98 13493.23 0.83 1.05

1 ng/ml Rapamycin 8286.74 14105.59 0.59 0.71 0.14 0.75 0.90 0.17

10962.25 12796.18 0.86 1.09

7968.33 11670.93 0.68 0.87

MEG01 GPx4 0 ng/ml Rapamycin 8580.57 8681.35 0.99 1.04 0.07 0.95 1.00 0.07 0.37

10032.86 8912.35 1.13 1.08

10837.64 10753.40 1.01 0.97

1 ng/ml Rapamycin 7721.62 8297.64 0.93 5.43 7.50 0.89 5.22 7.20

9532.28 7439.54 1.28 1.23

2245.45 159.39 14.09 13.54

MEG01 TrxR1 0 ng/ml Rapamycin 2001.42 6355.32 0.31 0.37 0.05 0.84 1.00 0.14 0.19

2610.01 6228.50 0.42 1.12

2998.13 7720.45 0.39 1.04

1 ng/ml Rapamycin 2536.89 7883.15 0.32 0.29 0.02 0.86 0.79 0.07

2704.01 9464.62 0.29 0.76

1988.18 7242.13 0.27 0.73
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APPENDIX A (continued) 

TABLE X. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE EFFECT OF RAPAMYCIN TREATMENT OF 

GM10832 ON SELECTED ANTIOXIDANT PROTEINS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

Average 

Densitometry

Standard 

Deviation

Fold 

Change

Average of 

fold change

Standard 

Deviation

T-Test        

P- value

GM10832 GPx1 0 ng/ml Rapamycin 8248.43 4971.28 1.66 1.41 0.56 1.18 1.00 0.39 0.04

10159.03 5671.88 1.79 1.27

3845.13 4992.74 0.77 0.55

1 ng/ml Rapamycin 16475.76 5660.35 2.91 2.53 0.33 2.07 1.80 0.24

13826.52 5807.73 2.38 1.69

13945.56 6087.10 2.29 1.63

GM10832 MnSOD 0 ng/ml Rapamycin 8528.66 5080.10 1.68 1.02 0.61 1.65 1.00 0.60 0.79

9283.40 10505.90 0.88 0.87

4861.21 10065.90 0.48 0.48

1 ng/ml Rapamycin 12493.64 15188.02 0.82 0.88 0.55 0.81 0.87 0.54

15322.23 10527.92 1.46 1.43

2644.23 7141.62 0.37 0.36

GM10832 GPx4 0 ng/ml Rapamycin 3429.55 7156.64 0.48 0.49 0.43 0.97 1.00 0.88 0.05

7194.21 7707.90 0.93 1.90

304.26 4681.39 0.06 0.13

1 ng/ml Rapamycin 15841.40 4480.28 3.54 2.33 1.05 7.18 4.74 2.12

9047.15 4961.23 1.82 3.70

12303.87 7513.41 1.64 3.32

GM10832 TrxR1 0 ng/ml Rapamycin 4657.84 5970.84 0.78 0.76 0.06 1.02 1.00 0.08 0.002

6046.96 8660.81 0.70 0.91

6556.08 8038.10 0.82 1.07

1 ng/ml Rapamycin 11457.33 8266.91 1.39 1.53 0.16 1.81 2.00 0.21

12170.86 8122.98 1.50 1.96

9785.23 5757.68 1.70 2.22
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APPENDIX A (continued) 

TABLE XI. BAND INTENSITY AS DETERMINED BY DENSITOMETRY 

INDICATING THE EFFECT OF RAPAMYCIN TREATMENT OF LNCAP 

ON SELECTED ANTIOXIDANT PROTEINS  

 
  

Cell line Target Treatment

Target 

Density 

(calibrated 

units)

Actin 

Density 

(calibrated 

units) Normalization

Average 

Densitometry

Standard 

Deviation

Fold 

Change

Average of 

fold change

Standard 

Deviation

T-Test        

P- value

LNCaP GPx1 0 ng/ml Rapamycin 6171.84 7417.62 0.83 0.73 0.12 1.14 1.00 0.16 0.02

5852.45 7663.52 0.76 1.04

4221.26 7006.52 0.60 0.82

1 ng/ml Rapamycin 7580.33 5320.98 1.42 1.22 0.18 1.94 1.67 0.25

9513.50 8861.35 1.07 1.47

9661.21 8268.67 1.17 1.59

LNCaP MnSOD 0 ng/ml Rapamycin 4770.86 9531.33 0.50 0.49 0.09 1.01 1.00 0.18 0.28

6657.81 11527.69 0.58 1.17

5104.45 12621.50 0.40 0.82

1 ng/ml Rapamycin 3200.91 9662.57 0.33 0.37 0.14 0.67 0.75 0.29

5875.15 11004.23 0.53 1.08

1908.08 7515.90 0.25 0.51

LNCaP GPx4 0 ng/ml Rapamycin 1231.50 9539.67 0.13 0.17 0.07 0.75 1.00 0.43 0.02

1234.06 9583.64 0.13 0.75

760.53 2960.55 0.26 1.50

1 ng/ml Rapamycin 13835.09 7595.61 1.82 1.48 0.60 10.62 8.61 3.48

8204.45 10417.90 0.79 4.59

7526.86 4134.37 1.82 10.61
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APPENDIX B 

 

NCBI BLAST Alignment for sequence homology between GPx1, MnSOD and TrxR1. 

 

GPx1 vs. MnSOD 

 
 

 

 

 

 

GPx1 vs. TrxR1 
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APPENDIX B (continued) 

 

MnSOD vs TrxR1 
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APPENDIX C 

 

Potential sites of post-translational modification- Phosphorylation of GPx1 #1 
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APPENDIX C (continued) 

Potential sites of post-translational modification- Phosphorylation of GPx1 #2 
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APPENDIX C (continued) 

Potential sites of post-translational modification- Phosphorylation of GPx1 #3 
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APPENDIX C (continued) 

Potential sites of post-translational modification- Phosphorylation of MnSOD #1   
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APPENDIX C (continued) 

Potential sites of post-translational modification- Phosphorylation of MnSOD #2  
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APPENDIX C (continued) 

Potential sites of post-translational modification- Phosphorylation of TrxR1 #1   
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APPENDIX C (continued) 

Potential sites of post-translational modification- Phosphorylation of TrxR1 #2 
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APPENDIX D 

IRB- Protocols- Dr. Alan M. Diamond #1 
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APPENDIX D (continued) 

IRB protocols- Dr. Alan M. Diamond #2 
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APPENDIX D (continued) 

IRB Protocols- Dr. Peter Gann #1 
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APPENDIX D (continued) 

IRB Protocols- Dr. Peter Gann #2 
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