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Abstract

Reactive oxygen species (ROS) largely originating in the mitochondria play essential roles in the 

metabolic and (epi)genetic reprogramming of cancer cell evolution towards more aggressive 

phenotypes. Recent studies have indicated that the activity of superoxide dismutase (SOD2) may 

promote tumor progression by serving as a source of hydrogen peroxide (H2O2). H2O2 is a form 

of ROS that is particularly active as a redox agent affecting cell signaling due to its ability to freely 

diffuse out of the mitochondria and alter redox active amino acid residues on regulatory proteins. 

Therefore, there is likely a dichotomy whereas SOD2 can be considered a protective anti-oxidant, 

as well as a pro-oxidant during cancer progression, with these effects depending on the 

accumulation and detoxification of H2O2. Glutathione peroxidase-1 GPX1, is a selenium-

dependent scavenger of H2O2 which partitions between the mitochondria and the cytosol. 

Epidemiologic studies indicated that allelic variations in the SOD2 and GPX1 genes alter the 

distribution and relative concentrations of SOD2 and GPX1 in mitochondria, thereby affecting the 

dynamic between the production and elimination of H2O2. Experimental and epidemiological 

evidence supporting a conflicting role of SOD2 in tumor biology, and epidemiological evidence 

that SOD2 and GPX1 can interact to affect cancer risk and progression indicated that it is the net 

accumulation of mitochondrial H2O2 (mtH2O2) resulting from of the balance between the 

activities SOD2 and anti-oxidants such as GPX1 that determines whether SOD2 prevents or 

promotes oncogenesis. In this review, research supporting the idea that GPX1 is a gatekeeper 

restraining the oncogenic power of mitochondrial ROS generated by SOD2 is presented. This 

article is part of a Special Issue entitled Respiratory complex I, edited by Giuseppe Gasparre, 

Rodrigue Rossignol and Pierre Sonveaux.
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1. Introduction

The adaptation of aerobic organisms to use oxygen as a bolster of catabolic reactions 

enabled the activation of robust mechanisms of energy production that promoted the survival 

and evolution of pluricellular organisms. However, the utilization of respiration as a major 

source of ATP came with a price. Though many factors ranging from tissue oxygenation to 

the mitochondrial coupling state can influence the yield of reactive oxygen species produced 

by the electron transport chain, it has been estimated that between 0.1–1% of the oxygen 

being used for mitochondrial respiration is converted to superoxide (reviewed in [1]), a 

reactive oxygen species (ROS) capable of oxidizing and thus inactivating some of the critical 

iron-sulfur cluster dependent enzymes involved in respiration itself (reviewed in [2]). Hence, 

primordial aerobic organisms were forced to adapt by evolving mechanisms to cope with 

ROS as unavoidable products of life in an oxygen rich environment. As a result cells and 

organisms not only adapted to coexisting with elevated ROS levels, but also “learned” to use 

these reactive species to execute essential tasks such as cellular signaling, adaptation to 

microenvironmental changes, defense against pathogens and promoting phenotypic plasticity 

[3–5]. As a consequence to the multitude of roles that ROS play, ROS production, diffusion 

and clearance must be tightly regulated in the cellular milieu so a level of target specificity 

can be attained. Failure to buffer ROS levels or to regulate their intrinsic unselective 

reactivity can promote widespread oxidative damage to biomolecules, a process that often 

results in aberrant activation of adaptive responses to stress, including the compensatory 

enhancement of resistance and cell survival pathways [6]. Extensive research now indicates 

that cancer is one example of a disease that is promoted by dys-regulated ROS homeostasis 

resulting in cellular maladaptation and disarray [6–8].

SOD2 is a mitochondrial enzyme with established roles in the metabolism of ROS formed in 

the mitochondrial matrix [9–11]. Changes in SOD2 levels or function by a variety of 

recently identified posttranslational modifications [12–14] have a direct impact on mtH2O2 

generation, accumulation and clearance in the mitochondria. In fact, some posttranslational 

modifications that occur in cancers can promote the accumulation of mtH2O2 in those 

tissues. Hence, the activity of SOD2 can be a primary generator of H2O2 leaving the 

mitochondria to stimulate signaling pathways that likely promote more aggressive cancer 

phenotypes. Therefore, SOD2 should not just be considered an intrinsic antioxidant since the 

inability to detoxify its catalytic product, H2O2 would actually lead to oxidative stress. The 

challenge is to understand under what circumstances SOD2 displays a protective 

(antioxidant) or deleterious (pro-oxidant) role. Though this quandary is being actively 

pursued, mounting evidence indicates that posttranslational modifications of SOD2 that 

affect its activity as well as the activity of H2O2 detoxifying enzymes conspire to determine 

the net amount of H2O2 available for signaling. The impact of H2O2 on signal transduction 

in cancer has been reviewed extensively [15,16], instead this review focuses on the potential 

impact of antioxidants such as GPX1 in attenuating mtH2O2 derived from mitochondrial 

SOD2 activity.
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1.1. Pro-carcinogenic effects of SOD2 and their suppression by anti-oxidants

As summarized above, H2O2 production is a means by which SOD2 could potentially 

impact tumor biology. For example, the increased expression of SOD2 in U87 glioma cells 

achieved due to transfection of an SOD2 expression construct was shown to stimulate 

cellular characteristics associated with transformation. These characteristics include cell 

migration, invasiveness, as well as the activation of signaling cascades associated with 

transformation and the increase in the levels of MMP-1 and MMP-9 matrix 

metalloproteinases required for metastasis [17]. These effects were due to the pro-oxidant 

activity of SOD2 which was established by the demonstration that they could be suppressed 

by the supplementation of the culture media with N-acetyl-1-cysteine (NAC), a precursor of 

glutathione that under most conditions acts as an antioxidant [17]. Over-expression of SOD2 

in HT-1080 fibrosarcoma cells increased the binding of transcription factors associated with 

transformation to DNA and stimulated the expression of the metastasis-associated matrix 

metalloproteinase-1; these effects were attenuated by catalase expression [18]. A different 

study using a breast cancer cell line i.e. MCF7 focused on the impact of SOD2 on cellular 

metabolism and found that the ectopic expression of SOD2 leading to an increase in its 

activity stimulated glycolysis and the uncoupling of glycolysis and respiration which are 

hallmarks of aggressive tumors [19]. Using cells engineered to express increasing levels of 

SOD2, it was also demonstrated that as a consequence of increasing SOD2 levels, there was 

a proportional increase in the levels of H2O2 in these cells. The increase in H2O2 levels was 

determined to be the effector of changes in energetics using mito-catalase, a scavenger of 

H2O2 genetically targeted to the mitochondria by attachment of a mitochondria-targeting 

sequence (MTS) [19]. Collectively, these studies provide significant evidence that elevated 

SOD2 expression can contribute to the progression of transformation and this occurs through 

the accumulation of H2O2.

1.2. Human genetic data supports a role for higher SOD2 levels contributing to cancer 
development

For the reasons summarized above, it should not be surprising that altered SOD2 expression 

and activity are frequently detected in most human cancers where ROS metabolism is 

particularly disturbed by drastic metabolic and microenvironmental perturbations. Though 

both higher or lower expression levels of SOD2 have been detected in tumors compared to 

corresponding normal tissues [20], SOD2 is often upregulated in the more aggressive 

phenotypes. For example, a recent analysis examined the levels of SOD2 in human clinical 

samples and the data indicated that SOD2 levels increased progressively with breast cancer 

tumor grade when compared to either non-tumor or hyperplastic benign breast tissues, and 

this pattern was also evident when prostate and colon tissues representing progressive 

malignancy were examined for SOD2 levels [19]

Supporting evidence for a role played by excess SOD2 can be found in human genetic data. 

The most characterized polymorphism in the gene for SOD2 results in a SOD2 protein 

containing either an alanine or a valine at codon 16 of the mitochondrial targeting sequence 

[21], each allele occurring with similar frequencies among the Caucasian population [22]. 

The polymorphism occurs 9 codons upstream of the signal peptide cleavage site and the 

same polymorphism sometimes appears in the literature as an Ala9Val variation. Based on 
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the contribution of valine and alanine to the protein structure, it was predicted that the 

valine-containing protein would form a β-sheet rather than an α-helix that would better 

facilitate the transport SOD2 to the mitochondria [21]. Consistent with this prediction, it was 

shown that the import of SOD2val into the mitochondria was less efficient than SOD2ala 

[23]. Moreover, it was subsequently shown that the mRNA for SOD2val exhibited reduced 

stability compared to SOD2ala transcripts [24]. Epidemiological studies examining whether 

the amino acid at codon 16 of SOD2 is associated with cancer risk have yielded mixed 

results, with an elevated risk of several cancer types being reported for the alanine allele, 

including prostate cancer [25–28]. Meta-analyses of multiple studies have also yielded 

mixed results with some indicating an association while others did not [29–31].

The lack of consistency in detecting an association between the SOD2 codon 16 

polymorphism and cancer risk may be due to the influence of modifiers such as the dietary 

intake of anti-oxidants. Examining the association between SOD2ala and the risk of prostate 

cancer, a 10-fold excess in the risk of aggressive prostate cancer among men who expressed 

SOD2ala comparing the lowest quartile of total antioxidant consumption and the highest, 

with those consuming the lowest levels of dietary antioxidants being at greatest risk was 

reported. [26]. This relationship was not evident for those SOD2val-expressing individuals. 

Consistent with these results, there was a 3-fold increase risk of aggressive prostate cancer 

for SOD2ala men with low carotenoid status [P = 0.02, confidence interval 1.37–7.02] [27]. 

It was proposed that increased SOD2ala mRNA stability and mitochondrial transport can be 

protective when antioxidant activity is high and the enzymatic product H2O2, can be reduced 

to water [26]. Low levels of dietary antioxidant intake or anti-oxidant proteins with less 

efficiency could facilitate the propagation of ROS production thereby promoting the 

development of cancers. These epidemiological data may shed light on some of the 

conflicting reports of the benefits of SOD2 being that the same protein may be beneficial 

under conditions of high anti-oxidant intake, and detrimental when the anti-oxidant 

resources needed to further detoxify H2O2 are insufficient to maintain H2O2 levels below a 

critical level.

1.3. Glutathione peroxidase 1 (GPX1)

In 2000, the effects of over-expressing an H2O2 detoxifying enzyme, glutathione peroxidase 

1 (GPX1), on SOD2-induced phenotypes associated with carcinogenesis were published 

[32]. In this study, over-expression of SOD2 achieved by the transfection of an expression 

construct into a derivative clone of the human glioma U118-9 cell line caused drastic 

changes to doubling time, plating efficiency and tumori-genicity. All of these phenotypic 

changes were prevented or reversed by co-expression of GPX1, an enzyme that reduces 

H2O2 to water with reducing equivalents obtained from GSH [32].

GPX1 is one member of a family of proteins that contain the amino acid selenocysteine, an 

amino acid similar to cysteine but containing an atom of selenium at the position where 

sulfur resides in cysteines [33]. In this class of selenoproteins, selenocysteine is inserted co-

translationally in response to one or more in-frame UGA codons in the selenoprotein mRNA 

directed to encode selenocysteine due to the presence of a Selenium Insertion Sequence 

(SECIS) element in the 3' untranslated region of the mRNA [34,35]. Selenocysteine in 
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proteins has a lower pKa in comparison with cysteine, which makes it more efficient in 

oxidoreductase reactions and a much more efficient anti-oxidant in proteins that include that 

function [36]. In addition to its role as a protective anti-oxidant, GPX1 has broader roles in 

modifying the activity of proteins and pathways that are influenced by ROS (see reference 

[37] for a comprehensive review).

In addition to being located in the cytoplasm, GPX1GPx-1 is also located in the 

mitochondria where it can detoxify H2O2 generated from the dismutation of superoxide by 

SOD2 [38]. The GPX1 gene is polymorphic and the best characterized of these genetic 

variations is one in the coding region at codon 198, resulting in either a leucine (leu) or a 

pro-line (pro); with the leu-encoding allele being associated with increased risk of cancers of 

the lung, breast, bladder, liver as well as lymphoma (reviewed in [39]). The GPX1leu allele is 

the most frequently associated with cancer and encodes a protein that is less responsive to 

selenium compared to the same protein with a proline at that position [40,41]. This genetic 

variation influences the distribution of GPX1 between the cytoplasm and the mitochondria. 

Using cultured cells that exclusively express GPX1 containing either a leu or pro at position 

198, it was shown that the GPX1leu protein was located more in the cytoplasm than the 

mitochondria as compared to the same protein encoded by the pro allele at that position [42]. 

Moreover, the location of GPX1 in the cell was shown to be important. By attaching a 

mitochondrial leader sequence to target GPX1 to that organelle, it was demonstrated that 

both the primary sequence and the cellular location impacted the redox millieu of those 

cells, energy metabolism and the levels of signaling molecules associated with cancer risk 

[42].

1.4. Human data indicates and interaction between SOD2 and GPx-1

Based on the information summarized above, it seems likely that the detrimental 

consequences of H2O2 production that arises from elevated SOD2 expression could be 

diminished by the H2O2 scavenging activity of GPX1 in human tissues. Epidemiological 

data has supported such relationship in several cases. Cox et al. initially reported the lack of 

a statistically significant association between the GPX1leu and breast cancer risk using data 

obtained from the Nurse's Health Study [43]. However, in a follow-up study using a case-

control design that compared the genotypes of 1262 women diagnosed with breast cancer 

with the genotypes obtained from 1533 disease free women, they reported a significant risk 

for breast cancer (OR 1.87, 95% CI 1.09–3.19) among participants of the same cohort when 

the data was stratified by SOD2 alleles; women who were homozygous for the GPX1leu and 

SOD2ala were at increased risk of breast cancer with an odds ratio of 1.87 [95% confidence 

level, 1.09–3.19] [44]. GPX1 may be a particularly important H2O2-detoxifying enzyme 

because of its cellular location in the mitochondria and cytoplasm, as well as the nucleus 

[32,45,46]. Additional support for the interaction between these enzymes comes from 

human data indicating that polymorphisms in the gene for the selenium transport protein 

selenoprotein P (SELENOP or SEPP1), that result in less SELENOP in the plasma and 

reduced levels of GPX1, are associated with a significant risk of aggressive prostate cancer 

only in SOD2ala/ala men [47].
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Hence, based on available data it is proposed that the elevated levels of SOD2 resulting in 

excess H2O2 contribute to the progression of the transformed phenotype unless the H2O2 is 

removed by the activity of a ROS detoxifying enzyme like GPX1. It is therefore noteworthy 

that the SOD2ala is not uncommon, with 25% of people being homozygotes [26,43].

2. Conclusion

Elevated levels of ROS are associated with tumorigenesis and participate in the process of 

tumor progression toward phenotypes that are more aggressive, challenging to treat and 

prone to recur as metastatic disease. In this regard, several studies have indicated that there 

is an association between SOD2 upregulation in cancer, increased H2O2 and more 

aggressive phenotypes, establishing SOD2 as a source of H2O2 production which may 

promote tumor progression. In most cases, reversing SOD2-driven H2O2 production results 

in reduced invasiveness, aggressiveness and either a delay or prevention of further 

transformation. Along these lines, the role of scavengers of H2O2 either chemical, dietary or 

enzymatic (and particularly GPX1) in attenuating the pro-carcinogenic effect of SOD2 

upregulation in cancer cells is supported by several studies in many types of tumors as 

summarized above. Hence, a partnership between SOD2 and GPX1 is presumed where the 

mitochondrial resident protein SOD2 dismutates superoxide to H2O2 which requires further 

detoxification to water by GPX1. Epidemiological studies indicating the association between 

these two enzymes includes genetic data indicating that specific polymorphisms in these 

proteins can interact to impact the risk of cancers, as summarized in Fig. 1. Future studies 

should include the examination of both the levels and genotypes of these proteins in order to 

grasp the importance of how altered redox states may affect the physiology of both normal 

and cancer cells.
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Fig. 1. 
Schematic Representation of a possible mechanism of mtH2O2 processing enacted by the 

interaction of SOD2 and GPx-1. Catalase which is often referred to as a major H2O2 

scavenger throughout the cells is actually confined to peroxisomes and more likely acts as a 

buffer preventing oxidative damage when H2O2 are high enough to force H2O2 diffusion 

into peroxisomes. The Figure also depicts some alternative mechanisms that often contribute 

to the elevation of H2O2 production rates in most cells. ETC stands for Electron Transport 

Chain.
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