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Chapter 6

Atmospheric air consists out of a mixture of gases including, nitrogen (78.09%), oxygen 
(20.95%), argon (0.93%), carbon dioxide (0.039%), and small amounts of other gases. 
Oxygen is essential for all higher life forms, as they depend on oxygen consumption for 
their energy production. This process results in the inevitable production of potentially toxic 
reactive oxygen species (ROS) such as the free radicals superoxide anion (O2

.) and hydroxyl 
radical (.OH) as well as the less reactive forms such as hydrogen peroxide (H2O2) (Klaunig 
et al., 2010; Murphy, 2009; Turrens, 2003). Oxidative stress caused by uncontrolled ROS 
levels, has been proposed to be involved in age-related neurodegenerative diseases such as 
Alzheimer’s and Parkinson’s and even cancer (Berlett and Stadtman, 1997; Dias et al., 2013; 
Liou and Storz, 2010; Schumacker, 2015). However, the underlying causative mechanisms 
are still not fully understood. The objective of the research conducted in this thesis was to 
exploit hyperoxia-resistant cell lines and their sensitive counterparts to identify novel genes 
and pathways involved in the defense against oxidative stress. Oxygen toxicity or hyperoxia 
was used as the oxidative stress inducer. Identified biomarkers might provide novel insight to 
further understand the association between oxidative stress and age-related degenerative 
diseases and potentially novel therapeutic targets. 

In Chapter 2 of this thesis we report on the identification of NARFL as a key component 
in the defense against oxidative/hyperoxic stress in two independent HeLa cell lines. The 
ultimate research question that still needs to be addressed is, whether the identification 
of this gene does present a novel insight into the association between oxidative stress and 
age-related disorders. 

To date, NARFL has been mainly associated with the well conserved cytosolic and 
nuclear iron-sulfur (Fe-S) assembly (CIA) pathway. The exact function of NARFL within this 
pathway is not clear, but has been reported to be involved in the maturation of Fe-S clusters, 
which are subsequently transferred via protein complexes to apoproteins (Seki et al., 2013; 
Stehling et al., 2013; Song and Lee, 2008;  Huang et al., 2007). Fe-S clusters exposed to 
ROS or oxygen itself, are thought to become unstable rendering most Fe-S proteins non-
functional (Alhebshi et al., 2012; Imlay, 2006). Our scientific addition into the functional 
relevance (or molecular role) of NARFL is the observation that NARFL counteracts the 
generation of sister-chromatid cohesion defects suggesting a role in genomic maintenance. 
By performing global protein profiling, we aimed at identifying proteins regulated by altered 
NARFL levels under hyperoxic stress. This could give further insight into mechanism(s) that 
are affected by NARFL depletion under hyperoxic stress and also if they are independent of 
the well established CIA pathway association (Chapter 3). We cannot at this point dismiss 
the notion that the identified differential proteins might still indirectly be associated with 
the CIA pathway. Many known Fe-S proteins such as DDX11 and RTEL1 were below detection 
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level and therefore, not identified.  

Assuming its role in the CIA pathway is the only function relevant to NARFL, what are 
the consequences of protein depletion; and can it actually be linked to neurodegenerative 
disorders, cancer and/or other disorders. Proper functional Fe-S cluster biogenesis proteins 
of the CIA pathways and the mitochondrial iron-sulfur cluster (ISC) assembly pathway are 
reported to be essential in the prevention of neurodegenerative disorders and the process 
of aging. Such is, for example, the case for Friedreich ataxia (FRDA) an autosomal recessive 
neurodegenerative disorder characterized by a dysfunctional frataxin (FXN) protein. FXN is 
a mitochondrial protein that is thought to bind iron and deliver this to the ISC machinery. 
Furthermore, improper Fe-S biogenesis results in defective mitochondrial iron metabolism 
and possible accumulation of iron in the mitochondria. The accumulation of iron is a 
characteristic that has been observed in brains of patients with Parkinson’s and Alzheimer’s 
disease. A vicious cycle of events involving mitochondrial dysfunction, iron metabolism, 
generation of reactive oxygen species (ROS), oxidative damage and neurodegenerative 
disease has been proposed (Isaya, 2014; Vaubel and Isaya, 2013; Sheftel et al., 2010; 
Horowitz and Greenamyre, 2010). Mitochondrial dysfunction is a main feature reported 
when discussing the association between oxidative stress and neurodegenerative disorders. 
Unclear at the moment is what would be the significance of endogenous gain (and 
maintenance under hyperoxia) of the expression of cytoplasmic NARFL and maintaining 
proper mitochondrial Fe-S cluster biogenesis and function?  

A plausible explanation might be the iron regulatory protein (IRP) system, responsible 
for cellular iron homeostasis. The IRP system consisting of two cytosolic proteins, IRP1 
and IRP2, maintains iron levels through regulation of genes containing iron regulatory 
elements (IRE). IRP1 has two functions depending on whether a Fe-S cofactor generated by 
the ISC and CIA assembly pathway is present. With a Fe-S cluster, IRP1 assumes a cytosolic 
aconitase  (ACO1) role, interconverting citrate and isocitrate (Wilkinson and Pantopoulos, 
2014; Rouault, 2006). Experiments conducted in IRP mice knockout models, nevertheless, 
proposed a more significant role for IRP2 in iron regulation in vivo than IRP1. In addition, 
neurodegeneration has been associated with knockout of IRP2. These observations suggest 
that although IRP1 does play a role in iron homeostasis, its role might be made redundant by 
the presence of IRP2 (Horowitz and Greenamyre, 2010). Albeit an interesting observation, 
all these experiments were conducted under normal physiological oxygen condition. Under 
hyperoxic stress ACO1 activity decreases due to the loss of the Fe-S cluster and IRP1 is able to 
execute its iron regulatory function. IRP2 does not contain Fe-S cluster(s) and consequently 
is not as susceptible to ROS or oxygen. However, the identification of F-box and leucine-rich 
repeat protein 5 (FBXL5) has revealed that IRP2 can also regulated by oxygen levels, but in 
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this case indirectly (Figure 1, adapted from (Bayeva et al., 2013; Horowitz and Greenamyre, 
2010). High oxygen levels (as well as iron) enhance the stability of the hemerythrin-like 
domain of FBXL5, which in turn results into the degradation of IRP2 by proteasomes 
(Chollangi et al., 2012; Kühn, 2009; Salahudeen et al., 2009). 

 

Figure 1: Iron regulatory proteins control cellular iron homeostasis. (A) Regulation of IRP proteins: under normal conditions IRP1 is 
present in c-aconitase (ACO1) form. Defective Fe-S biogenesis and/or ROS production result in a destabilized Fe-S cluster resulting 
in its IRP1 form (left). FBXL5 complex targets IRP2 for proteasomal degradation through E3 ubiquitin ligase after sensing proper 
levels of oxygen and iron (right). (B) Regulation of IRE genes: High iron levels IRP proteins do not bind IRE; activation of ferritin 
and destabilization of transferring (Top). Low iron levels IRP1/2 binds IRE resulting in increased iron uptake (stabilizing transferrin) 
and decreased iron sequestration (suppression ferritin) (Bottom). High oxygen: IRE binding by IRP1, suppression of ferritin and 
transferrin stabilization (bottom left) and opposite for IRP2 (top right). Low oxygen: ACO1 from is active resulting in activation of 
ferritin and destabilization of transferring.  Adapted from Horowitz M and Greenamyre J. 2011 and Bayeva et al., 2013   
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The fact that protein levels of NARFL, itself a Fe-S protein are detected under hyperoxia 
suggest that the iron homeostasis regulation system and the ISC assembly pathway are 
still functional. Moreover, the activity of Complex I of the mitochondrial electron transport 
chain, which is composed of Fe-S containing subunits, is also significantly higher under 
hyperoxic stress in the resistant cells compared to the sensitive cells (Chapter 5). We could 
hypothesize that NARFL might play a vital role in iron homeostasis, therefore aiding proper 
mitochondrial iron metabolism and the prevention of adverse effected that may arise.

We also postulate that the mitochondrial part of Fe-S biogenesis could also contain a 
component that ensures that this essential biological process maintains functional activity. 
This component could be from the NEET family of proteins. CISD1 and CISD2 were identified 
as up-regulated in response to hyperoxia in the sensitive cell lines, but also as a stable 
alteration in the resistant cell lines compared the sensitive cell lines (Chapter 4). Both 
proteins have gained a lot of attention recently as they have been reported as possible 
therapeutic targets in breast cancer, as well as neurodegeneration. Knockdown experiments 
showed decreased mitochondrial performance and uncontrolled accumulation of iron and 
ROS. A recent study using derivate of mitocans (mitochondrial specific molecules targeting 
therapeutic agent), showed destabilization of the Fe-S cluster of NEET proteins resulting in 
decreased respiration and increased mitochondrial iron content (Holt et al., 2016; Bai et al., 
2015; Geldenhuys et al., 2014; Sohn et al., 2013).     

CISD1 and CISD2 could be the link between Fe-S biogenesis and cancer. Based on the 
notion that tumor cell undergo a metabolic adaptation, the following could be postulated. 
Up regulation of these proteins enable the hyperoxia-resistant cells to maintain proper iron 
metabolism and controlled ROS production. Tumor cells were shown to be in a constant 
pro-oxidant state, with ROS contributing to all aspect of tumor development. Similar to 
normal cells, excessive production of ROS in tumor cells also results in alteration of their 
antioxidant system in response to these conditions. It has been reported that breast and 
liver tumor-initiating cells (TICs) have low levels of ROS due to their increased expression of 
ROS-scavenging systems. If TIC expansion is crucial for tumor formation, the up regulation of 
antioxidants protects the cells from ROS assault caused by therapeutic agents. Consequently, 
TICs are not eliminated resulting in possible recurrence of tumor formation and possibly 
drug resistance due to additional oxidative DNA damage (Gorrini et al., 2013; Kim et al., 
2012; Diehn et al., 2009). Several studies have investigated the prospect of using the 
vulnerability of tumor cells changing levels of ROS as a therapeutic approach. Intracellular 
ROS inducing agents such as paclitaxel and anthracyclines, along with ROS-scavenging 
compounds have been investigated, with conflicting observations. The mitochondria are 
also being investigated as possible therapeutic targets, as tumor cells are also susceptible 
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to mitochondrial impairment (Liou and Storz, 2010; Tong et al., 2015). In this case, the 
functions of CISD1 and CISD2 and the targeting thereof might be of significance. 

For the hyperoxia adaptation process, the genomic instability characteristic of permanent 
tumor cell lines was used to our advantage. The HeLa cells presented in this thesis were 
subjected to continuous oxygen toxicity leading to cellular alterations that are favorable for 
cell survival, in this case a tumor cell line. So the identification of NARFL and other oxidative 
modifications at genetic and protein levels could also provide a different insight in possible 
drug resistance and/or progression of tumor cells. These modifications might even be 
involved in tumor aggressiveness making them interesting therapeutic targets.     

In conclusion, the aim of the project described in this thesis was to identify molecular basis 
for the defense against oxidative stress and ultimately an insight in age-related disorders using 
an innovative approach. Using a panel of unique hyperoxia-resistant cell lines, we identified 
a biomarker that could possibly be relevant in the study of neurodegenerative diseases, as 
well as cancer. The identification of NARFL has highlighted the Fe-S assembly machinery, a 
well conserved mechanism and also Fe-S containing proteins. The Fe-S assembly machinery 
is vital for cell survival, well conserved throughout evolution even with its susceptibility to 
oxygen, further ascertaining it significance in the cellular system. A better understanding of 
the Fe-S assembly pathways in human cells may lead to the identification of key processes 
whose malfunctioning may contribute to certain age-related diseases.           
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