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Abstract

Reactive oxygen species (ROS) are increasingly recognized as critical determinants of cellular
signaling and a strict balance of ROS levels must be maintained to ensure proper cellular function
and survival. Notably, ROS is increased in cancer cells. The superoxide dismutase family plays an
essential physiological role in mitigating deleterious effects of ROS. Due to the
compartmentalization of ROS signaling, EcSOD, the only superoxide dismutase in the
extracellular space, has unique characteristics and functions in cellular signal transduction. In
comparison to the other two intracellular SODs, EcSOD is a relatively new comer in terms of its
tumor suppressive role in cancer and the mechanisms involved are less well understood.
Nevertheless, the degree of differential expression of this extracellular antioxidant in cancer versus
normal cells/tissues is more pronounced and prevalent than the other SODs. A significant
association of low EcSOD expression with reduced cancer patient survival further suggests that
loss of extracellular redox regulation promotes a conducive microenvironment that favors cancer
progression. The vast array of mechanisms reported in mediating deregulation of EcSOD
expression, function, and cellular distribution also supports that loss of this extracellular
antioxidant provides a selective advantage to cancer cells. Moreover, overexpression of ECSOD
inhibits tumor growth and metastasis, indicating a role as a tumor suppressor. This review focuses
on the current understanding of the mechanisms of deregulation and tumor suppressive function of
EcSOD in cancer.
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1. Introduction

Reactive oxygen species (ROS) and reactive nitrogen species, including superoxide (O, ),
hydrogen peroxide (H,05), peroxynitrite (ONOQO™) and nitric oxide (NO®), are integrally
engrained into signal propagation within eukaryotic physiology and have essential roles in
metabolism, innate immunity, differentiation and cell survival. As such, ROS signaling has
been linked to aging, cardiovascular pathologies, inflammation, neurodegeneration and
cancer [1-5]. Insights into ROS produced by regulated processes and the defenses evolved to
protect against these disruptions of homeostatic redox states have fueled intense interest in
the search for drug targets and clinical antioxidants.

At physiological levels ROS are important modulators of metabolism, signal transduction
and stress response by acting as secondary messengers to redox sensitive substrates, altering
protein structure and function [6-8]. ROS are spatially restricted due to limited diffusion
distance granted by short half-lives [6]. Due primarily to its reactivity, the estimated half-life
of O,°~ ion is 1079 seconds, and tends to interact with directly proximal substrates. In
contrast, HoO», catalyzed enzymatically or derived spontaneously from O, is orders of
magnitude more stable. The cytosolic lifespan of H,O, has been determined to be one
millisecond, enabling diffusion from endogeneous sources approximately 1 um from its
origin [8 9]. The lifespan is likely be dependent on the environment. In a bolus addition
experiment, while the intracellular concentration of H,O, requires only milliseconds to
reach a pseudo-steady state, the extracellular concentration takes significantly longer to be
consumed by cells (~ 12 minutes) [9].

Furthermore, HoO5 permeates passively between membranous compartments through
aquaporin channels, and its lifespan is dependent on the available pool of reactive substrates
[10-12]. These diffusibility limitations impart compartmentalization of ROS signaling,
which is influenced by the redox state native within individual organelles. For example,
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disulfide bond formation in the ER is particularly sensitive to ROS stress [13]. Disruptions
in redox homeostasis, tending towards a more oxidizing state, termed oxidative stress,
constitute an imbalance between the production of ROS and the available systemic
mechanisms of detoxification, whereby oxidants adversely modify DNA, lipids and proteins,
generating toxic adducts deleterious to organismal health and contributing to genomic
instability. Therefore, levels of these ROS need to be tightly regulated in a temporal and
spatial manner, via a sophisticated cellular antioxidant network comprised of both enzymatic
and non-enzymatic molecules.

2. Distribution and Function of the Three Sods in Mammalian Cells

One of the essential enzymatic components of the antioxidant defense system are the metal
ion-dependent superoxide dismutases (SODs). There are three members of the SOD family
present in mammalian physiology, with tightly regulated localization patterns. Of these,
there are two copper/zinc containing members, CuZnSOD (SOD1) within the cytosol,
mitochondrial inter membrane space, and nucleus, and EcSOD (SOD3) is the predominant
antioxidant enzyme secreted into the extracellular space [14 15]. The manganese-containing
MnSOD (SOD?2), localizes to the mitochondrial matrix, is the most divergent and displays
minimal similarity to the other SODs, which share 60% homology around the catalytic and
metal-binding domains [16]. All SOD family members require metal cofactors for catalyzing
one-electron oxidation followed by one-electron reduction of two O,°~ anions to affect
disproportionation. Due to their distinc t localizations, and membrane impermeability of
0,°~, each member of the SOD family is expected to have specific compartmentalized roles,
such as regulation of redox sensitive transcription factors [17], mitochondrial oxygen level
sensing [18], or protection of surrounding tissue from oxidative inflammation during
infection [19]. This implies SOD functions are non-redundant, despite having similar rate
constants. Tumor suppressive effects of Cu/ZnSOD and MnSOD have been well described
[20-22]. In this review, we will focus on EcSOD, its features and potential role in
oncogenesis.

3. EcSOD Tissue-Specific Expression and Localization

While the other SODs are ubiquitously expressed, ECSOD is more restricted in a cell type
and tissue dependent manner. EcSOD demonstrates high levels of protein expression within
the cardiovascular endothelium, lungs, and placenta, displays moderately within kidney,
pancreas and uterus, cartilage, skeletal muscle, adipose tissue, brain, and eye [15].
Abundantly secreted into the extracellular compartment, presence of EcSOD is detectable in
milk, plasma, synovium, and lymph [14 23]. Once secreted, EcSOD is bound to cell surface
proteoglycans through its positively charged heparin-binding domain (HBD). A portion of
secreted ECSOD is subjected to intracellular proteolytic cleavage removing the HBD, which
precludes tethering to the cell surface, and facilitates distribution in the extracellular milieu
and circulation [24 25]. The secreted full length enzyme has been observed to be taken up by
cells via endocytosis, facilitated by surface binding to proteoglycans and internalized
through clathrin-coated pits [26]. In addition, EcSOD has been detected in nuclei associated
with chromatin [27 28], and trafficking through the endo-lysosome system has been
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suggested [26—28]. Thus, although EcSOD, as the name implies, mainly resides in the
extracellular space this enzyme has other intracellular localizations.

4. Molecular Characteristics: EcSOD

The monomeric subunit of human EcSOD is synthesized as a 32 kDa monomeric protein
that exhibits higher order dimers, tetramers and octamers cross-linked through disulfide
bridges between cysteine residues in the C-terminal region [29-32]. A 240 amino acid
propeptide contains a signal peptide on the N-terminal required for secretion and is cleaved
to generate a 222 amino acid protein making up the mature form [33] (Figure 1). Mature
EcSOD can be separated into 3 regions, the amino-terminal features an asparagine at
position 89 revealed by mass spectrometry to be a singular glycosylated residue greatly
enhancing protein solubility and has been demonstrated as required for secretion but not
activity [34-36]. The second domain bears 60% homology to CuZnSOD and contains the
conserved active site and ion binding folds for the singular copper and zinc ions required for
catalysis [37 38]. EcSOD is remarkably stable and resistant to extreme temperature, pH, urea
and guanidinium chloride concentrations [37].

4.1 Heparin Binding Domain

The third domain is unique to EcSOD and tethers it to the surface glycocalyx with high
affinity, via a cleavable C-terminal heparin-binding domain (HBD). The HBD comprises a
cluster of positively-charged arginine and lysine residues (SERKKRRR) which associates
electrostatically with proteoglycans, notably heparin but also collagen type I and fibulin-5,
on endothelial surfaces and tissue matrix, where it protects against oxidative fragmentation
[33 39-41]. Intracellular proteolytic cleavage by a furin-like protease followed by
carboxypeptidase activity within the HBD is expected to account for release of EcSOD into
plasma and fluids [24 42 43]. Secreted distribution of hetero-oligomers possess a range of
binding affinities and enzymatic activity. Tetramers separate into three fractions entirely with
or without the HBD, or as a mixture of intact and truncated monomers [24 25 35 44].
Secretion of both full length and truncated forms of EcCSOD with varying degrees of heparin
affinity allows for differential tissue distribution in regulating specific protection from ROS
[44]. Endothelial cells prominently feature EcSOD bound to the surface, do not synthesize
the protein on their own, and acquire secreted EcSOD from vascular smooth muscle cells
[45]. The positively charged HBD resembles a nuclear localization signal. Heparin binding
not only enables O, scavenging on cell surfaces and where EcSOD is tethered, but also
mediates endocytosis [28]. Internalized EcSOD has been observed to be associated with
lysosomes, suggesting a possible degradation pathway. This HBD-mediated endocytosis has
also been linked to localization of EcSOD to the nucleus [27 28]. The EcSOD crystal
structure has been solved at a resolution of 1.7 angstroms. The overall tetramer is held
together by disulfide bonds positioned towards the N-terminal, and uniquely features two
grooves (‘major’ and ‘minor’) at polar ends, a result of dimeric organization [46]. Molecular
modeling indicates the major groove accommodates binding of the heparin molecule some
distance from the active site, consistent with previous reports that enzymatic activity is not
inhibited while retained at the cell surface [39]. While missing from the overall structure, the
C-terminal HBD is expected to be located along the top of this major groove to facilitate
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heparin binding, a conformational change ‘locking’ heparin into place protects ECSOD from
proteolysis [47]. The minor groove on the reverse face is proposed to interact with collagen
and involves electrostatic interaction with the C-terminus.

A naturally occurring polymorphism at arginine 213 (R213G) located in the HBD impairs
heparin binding, increasing the concentration of ECSOD released into plasma. This results in
no overt clinical phenotype, and does not appear to affect its intracellular distribution [48
49]. Interestingly, this renders EcSOD resistant to trypsin-like proteases [50]. The R213G
polymorphism also confers resistance to furin protease activity, promoting secretion of an
active, full-length molecule unable to bind heparin [43]. Full length EcSOD has a
significantly longer tissue half-life than the truncated and released form (85 versus 7 hours
respectively), while the HBD-null form shows less clearance by the liver due to its reduced
ability to be endocytosed [51].

In diabetic patients, elevated blood glucose promotes non-enzymatic glycation products of
EcSOD disrupting heparin binding but not catalytic activity [52 53]. While the R213G
polymorphism has not been directly linked to diabetic susceptibility, diabetic patients on
hemodialysis exhibit increased risk of ischemic complications of the cardiovascular system
due to diminished EcSOD protection when absent from the surface endothelium [54 55].
Presence of R213G correlates with decline in lung function and susceptibility to chronic
obstructive pulmonary disease [56]. Controversially, other studies have suggested a
protective role, the polymorphism being more common among smokers resistant to COPD
development [57].

Development of therapeutic intervention strategies for ameliorating the negative effects of
oxidative stress have produced both pharmacological and gene therapy based approaches for
preventing tissue injury in disease models [58 59]. SODs have shown promise as treatment
in the laboratory, yet clinical efforts are stymied by source purification, clearance rate, and
distribution [60-62]. To circumvent these challenges, a chimeric fusion of MnSOD with the
EcSOD HBD, designed to promote its cellular internalization, successfully prevented
vascular edema in two models of inflammation [62]. The highly basic residues of the HBD
domain of EcSOD that form a predominantly helical structure is similar to the features
described for cell penetrating peptides (CPPs), such as the HIV transactivator protein (TAT)
and other experimental CPPs [63 64]. This unique domain of EcSOD has been demonstrated
to possess efficacy as a CPP, where synthetic peptide corresponding to this region
translocates into the cytoplasm and nucleus when added exogenously [64]. When this
peptide is linked with apoptin (chicken anemia virus-derived protein), the recombinant
apoptin-HBD fusion protein exhibited a significant and specific anti-tumor effect versus the
apoptin protein alone, in the Lewis Lung carcinoma model in mice [64]. Although the
uptake mechanism and intracellular fate of this highly basic EcCSOD HBD peptide is not
clear at this point, EcCSOD HBD exhibits potential clinical application as a delivery tool to
translocate cargo molecules into cells.

4.2 Catalytic Domain and Reaction Mechanism

EcSOD scavenges O," through the catalyzed dismutation of two molecules of 05" to
bimolecular oxygen and H,0,, which is subsequently reduced to water by catalase,
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peroxiredoxins and other enzymes [65]. EcSOD requires a redox-active Cul*/2* jon at its
active site. Three histidine residues anchor the catalytic copper in place. One of these, the
“bridging histidine”, also ligates the zinc ion, which itself requires an aspartic acid and
additional electrostatic contributions from three separate histidines. The zinc ion is not
required for catalytic activity, but facilitates protonation between the bridging histidine and
confers thermal stability [66]. Electrostatic guidance of O, into the positively-charged
catalytic active site requires Lys134 and Glu131 for approach from longer-range, and
Arg141 for a more local orienting effect [67].

Superoxide disproportionation occurs by a ping-pong mechanism which proceeds in two
steps. Step one begins as the O,*~ substrate binds to copper?*. Superoxide anion donates an
electron to become molecular oxygen, in the process reducing copper?* to copperl*. The
bond between copper and its anchoring histidine is broken, and histidine becomes
protonated. In step two, this proton is donated along with the electron from copperl* to a
second O,"~ anion, forming H,0,, and copper2™ reforms its histidine bond [68]. A transfer
of one electron from O,*~ to copper reduces the oxidized copper ion. The reduced copper is
oxidized, donating an electron to a second O,°~ anion at rates close to diffusion limits [69].
The overall stoichiometry results in formation of molecular oxygen and H,0, from two O,°~
molecules. The remarkable structure of SODs have pioneered mechanistic studies of
‘electrostatic guidance’, described in intricate detail within an excellent review [70].

1.  Cu?"ZnSOD + 0,"~ — Cu*ZnSOD + O,
2. Cu*ZnSOD + Oy"™ + 2H* — Cu2*ZnSOD + H,0,

Despite abundant documentation on SODs as anti-oxidants, a theme suggesting a pro-
oxidant role is also coming into focus, with generation of H,O, suggested to account for
deleterious effects seen in some SOD overexpression systems [71]. In consideration,
dismutation, spontaneous or catalyzed, yields identical amounts of H,0,, though with
significantly different kinetics. In single-celled £.coli, endogenous SOD expression levels
conferred 95% protection from O,°~ induced damage to sensitive targets, this suggests the
effects of SOD overexpression on H,O, production should be negligible as O,*~
concentrations would already be limited [71 72]. This however does not account for the
rapidity of H,O, formation or subcellularly localized bursts of increased H,0,
concentration. Such phenomena arguably would result from the presence of NADPH
oxidase (NOX) enzymes not found in prokaryotic organisms, having made their first
appearance later in evolution and function as compartmentalized producers of O,"~ [73].
Whether SODs have pro-oxidant effects is likely to remain a conflicting issue. It is critical to
know the answer to this antioxidant conundrum as there is accumulating evidence to support
divergent effects on cell proliferation and death signaling for the two major intracellular
ROS, O, and H,0,, as discussed in a later section. In addition to scavenging O,"~, SODs
exhibit less efficient, non-specific peroxidase activity [74—77]. Here, the Cu/Zn-containing
enzymes require CO», ultimately generating a diffusible carbonate radical. This in turn
disables the enzyme and thus the peroxidase action of both CuZnSOD and EcSOD functions
as a ‘suicide reaction’ [74-77]. Determination of the precise mechanism has been notably
contentious, and it remains to be seen whether SOD peroxidase activity is significant within
living organisms, or can occur at physiological concentrations of H,O, [71 78].
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5. EcSOD as a primary defense against other ROS and RNS

The primary function of EcSOD is a superoxide scavenger, as the name implies. However,
its redox modulation effect is not limited to controlling the levels of this radical. Superoxide
is a precursor of many ROS and RNS as described [79]. By suppressing the accumulation of
superoxide, EcSOD also prevents spontaneous dismutation of superoxide into H,O,.
Generation of *OH via Fenton reaction and Harber Weiss reaction, can also be inhibited by
EcSOD. Furthermore, by preventing the superoxide-mediated oxidation of NO®, EcSOD also
controls the formation of ONOO™.

NQO*, generated by nitric oxide synthases (NOSs) plays an important role as
neurotransmitter, in regulating vessel relaxation in endothelial cells, and in mediating
neutrophil and macrophage functions. Since superoxide reacts at a diffusion-limit rate with
NO™, oxidation of this NO® into ONOO™ results in alterations of cellular function as
described [80]. The actions of NO*® are mainly mediated through cGMP-dependent manner.
In circumstances where cGMP is not available, the actions of NO* are carried out mainly in
three ways: (i) interaction with proteins containing transition metal, (ii) interaction with
proteins without the attached NO® group, and (iii) modulation of cell signaling by forming S-
nitrosothiol- (SNO) modification on proteins. NO® has been shown to either facilitate cancer-
promoting effects or act as an anti-cancer agent. Pro-tumor effects of NO* were linked to the
expression of NO*-producing enzymes in tumor progression [81]. NO* also portrays anti-
tumor effects by utilizing the immune defense mechanisms in animal models of various
human cancers [82]. Recent evidence indicates that most of the cytotoxicity attributed to
NO* is rather due to ONOO™, produced from the diffusion-controlled reaction between NO*
and superoxide anion. Peroxynitrite interacts with lipids, DNA, and proteins via direct
oxidative reactions or via indirect, radical-mediated mechanisms. These reactions mediate
cellular responses ranging from modulations of cell signaling to overwhelming oxidative
injury, eventually triggering necrotic or apoptotic cell death. In vivo, ONOO™ generation
represents a crucial pathogenic mechanism in conditions such as stroke, myocardial
infarction, chronic heart failure, diabetes, circulatory shock, chronic inflammatory diseases,
cancer, and neurodegenerative disorders. Hence, novel pharmacological strategies aimed at
removing ONOO™ might represent powerful therapeutic tools in the future. ECSOD, in
preserving bioavailability of NO®, is expected to have an indirect consequential effect in
cancer through alterations of these NO /ONOO™ signaling. The seemingly paradoxical role
of NO* in cancer has been quite extensively covered in other reviews [83] and is not
discussed in detail here.

6. Role of superoxide versus H,O, signaling in oncogenesis

Deregulation of redox homeostasis has long been implicated in a variety of diseases and the
role of ROS in oncogenesis remains an area of major interest. Nevertheless, ROS should not
be considered as one single biochemical entity that has a single global effect in cancer.
Rather, ROS function as cellular secondary messengers, with each reactive species
orchestrating unique signaling events, in a temporal and spatial manner. Although H,0, has
been the main focus as the ROS-mediated signaling molecule, partly due to the conception
that it is more stable and longer lived than superoxide, the insight starts to emerge that O,"~
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may also be an important mediator of cellular effects. This is further supported by the fact
that most cells possess enzymatic systems that are capable of producing O,"~, whereas to
date no cellular system is known that exclusively generates H,O, [84].

Superoxide is believed to function as a signaling molecule in a distinct manner from those
mediated by H,0,, *OH, and ONOQ™, although the mechanism is not fully understood. The
name, superoxide is misleading in a sense that it is not a super-oxidant but a relatively
moderate reductant. However, superoxide, being both a radical and an anion, can react with
organic molecules by nucleophilic mechanism. Owing to this nucleophilic property,
superoxide is able to rapidly deprotonize alcohols, phenols, and thiols, and hydrolyze esters
as proposed [85]. By deprotonation of protein serine or threonine residues, superoxide is
able to mediate phosphorylation of numerous proteins by protein kinases, thereby
accelerating the rates of nucleophilic reaction between kinases and phosphorylating proteins.
For examples, superoxide has been shown to mediate the activation of many protein kinases
including PKC, PKD (protein kinase D), PKB (Akt) (protein kinaseB), and mitogen-
activated (MAPK) kinases, p42/44, p38, and ERK [86-89]. Another important stimulus of
enzymatic phosphorylation by superoxide signaling is via phosphatidylinositol 3-kinase
activation, which subsequently activates PKB and MAPK [87 90].

Furthermore, O,"~ can promote protein phosphorylation by inhibiting dephosphorylation
catalyzed by protein phosphatases. Superoxide affects both serine/threonine protein
phosphatases (PPs) and protein tyrosine phosphatases (PTPs), by oxidizing the metal ion
center of the former class of phosphatases and via nucleophilic attack of the cysteine residue
in the later class [91 92]. While H,05 has also been demonstrated to inactivate PTPs, the
rate of superoxide signaling is about 10-100 times higher than that of hydrogen peroxide
signaling [93 94]. In addition to being kinetically more efficient, O,"~ is chemically more
specific than H,O,"~ in this process as the catalytic site of PTP-1B is surrounded by
positively charged residues [95]. Moreover, O, " -inactivated PTP-1B is more reversible than
that of H,O," since significantly more methionine residues are oxidized by H,0,. This
provides an efficient fine-tuning ability of O, in regulating PTP-1B in signal transduction.
This emphasizes an importance of O,°~ signaling in many oncogenic signaling processes
and the potential application of the specific superoxide inhibitors for their regulation.

It has long been recognized that low levels of O,"~ and H,0, are involved in proliferative
signaling, partly via alterations in the activities of protein kinases and oxidative inactivation
of phosphatases, as discussed earlier. Although these two major ROS are considered
oncogenic ROS, there is strong evidence to support that these two ROS diverge in their roles
in cellular survival/death pathways. Indeed, it is the ratio of intracellular superoxide to HoO»
that could dictate the fate of cells as discussed in detail by Pervaiz and Clement [96]. A
prominent increase in superoxide in the absence of cytotoxic levels of H,O, supports cell
survival and promotes oncogenesis by inhibiting activation of the pro-apoptotic pathway [97
98]. In contrast, a rise in H,O, levels with an accompanying decrease in superoxide
facilitates apoptotic execution by activating caspase proteases [99 100]. Superoxide, due to
its specific anti-apoptotic effect in creating an environment conducive for cellular survival
and proliferation in favor of oncogenesis, has been termed “Onco-ROS” [96]. However,
competition between superoxide and hydrogen peroxide in cells might be more complicated.
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The role of superoxide and its ROS derivatives in cellular outcome, i. e. cancer is clearly
more diverse and complex than anticipated.

7. Gene Regulation and Transcription

Human SOD3is located on chromosome 4p with approximately 5.9 kilobase pairs, and
contains two exons and one intron [101]. The entirety of the 722 bp coding region is within
exon 2. The promoter contains two CAAT-box elements but is without a TATA promoter
sequence [101]. Features in common with the other two SOD family members include
antioxidant response elements (ARE), AP-1 and AP-2 binding sites, and NF-xB motifs. A
more recent study of EcSOD transcriptional regulation that looked at tissue-specific
expression in the mouse revealed a repressor role for myeloid zinc finger 1 and Kriippel-like
transcription factors, whereas Ets family members, EIf-1 and GA-binding protein a and p,
were transcriptional activators [102]. The farnesoid x receptor was found to bind an inverted
repeat, IR-1 element promoting transcription [103].

Various growth factors, cytokines and ions likely play a role in transcriptional control of
EcSOD mRNA expression. ECSOD was reportedly induced in response to interferon-y and
IL-4, but downregulated by TNF-a [104]. Rat brain astrocytes were protected from H,0, by
purinergic receptor agonists, which increased expression of both MnSOD and EcSOD, an
effect likely dependent on intracellular calcium ion, cyclic AMP and PKA activity [105].
Leukemia inhibitor factor increases ECSOD expression and activity in brain tissue,
protecting neurons from ischemic damage [106]. Exendin-4, a glucagon-like peptide-1
receptor agonist, induced the expression of EcCSOD through epigenetic regulation at its
proximal promoter by influencing the acetylation of histone H3 [107]. Lastly, the presence
of metal ions bear influence on modulating EcSOD expression. Dietary copper/zinc levels
[108 109] influence EcSOD levels, and the intrinsic transcriptional activity of copper
chaperone Atox1, can be stimulated to translocate to the nucleus and bind a response
element in the EcSOD promoter [110]. Unexpectedly, the application of various oxidizing
conditions reduced EcSOD expression levels, although these results may be confounded by
general toxicity [111].

8. Sod3 KO Models

Whole body EcSOD null mice are born at Mendelian ratios, are fertile, appear to develop
normally, and adult mice are healthy to 14 months of age [112]. Other antioxidant genes
(catalase, glutathione peroxidase, glutathione reductase, glucose-6-phosphate
dehydrogenase), were also reported as unchanged. Common hematological markers reported
as normal. Significantly, Soa3”~ mice were more susceptible to oxidative stress resulting
from hyperoxic exposure, with considerably diminished survival rates to wildtype
counterparts. When exposed to hyperoxic conditions whole body KO mice developed severe
and sudden, inflammatory pulmonary edema, with enhanced neutrophil recruitment, signs of
intra-alveolar hemorrhage, vascular congestion and thickening of alveolar septa. The
expression levels of the other two SOD family members were examined, but no
compensatory changes were observed. Moreover, a double knockout model for both SOD1
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and SOD3reported mild phenotypes, suggesting limited or no functional redundancy exists
between these two family members [113].

Whole body KO mice do not have increased tumor incidence. Possibly, these conditions are
not ideal to study the role of EcSOD in tumorigenesis. In dramatic contrast to the whole
body knockout, an inducible deletion of ECSOD in adult mice exhibited an 85% mortality
rate in ambient air conditions, 3—7 days after tamoxifen injection, and demonstrated severe
respiratory distress, highlighting the critical role of EcSOD at the oxygen interface in the
lungs [114]. This suggests that animals with an embryonic deletion of ECSOD have
compensated/adapted, and will not demonstrate accurate phenotypic identities as reflected
upon deletion in adult mice. While the whole body KO model suggests loss of EcCSOD
expression alone is not an initiating factor in inducing tumorigenesis, reduced function of
this antioxidant will likely contribute to oncogenesis as demonstrated by numerous studies
further discussed in the following.

9. Expression levels and effects of EcCSOD in cancers

Oncomine analysis of neoplastic versus normal tissues showed that ECSOD (or SOD3)
expression levels were significantly down-regulated across a majority of cancers including
breast cancer, head and neck cancer, lung cancer, and sarcoma (Figure 2), suggesting that
loss of EcSOD could contributes to oncogenesis. Amongst the Oncomine datasets, the breast
cancer category shows the highest number of analyses that met the threshold, where 18 out
of 53 analyses in 5 out of 14 breast cancer datasets met the thresholds for P-value < 0.01 and
changes in EcSOD expression is scored in the top 10% of gene rank for most significantly
under-expressed genes. Specific studies examining the expression level and function of
EcSOD in various cancers are further discussed in the following.

9.1 Breast cancer

In breast cancer cells, overexpression of EcSOD inhibited /n vitro proliferation, clonogenic
survival, and invasion of a triple negative breast cancer cell line partly via suppressing
heparanase-mediated fragmentation of cell surface proteoglycans and by reducing VEGF
bioavailability [115]. Overexpression of ECSOD also significantly inhibited tumor metastasis
in both an experimental lung and a spontaneous metastasis mouse model [116], further
suggesting a role for this extracellular enzyme as in suppressing tumor progression.
Concurrently, in a normal mammary epithelial cell line, siRNA-mediated knockdown of
EcSOD promoted clonogenic capacity, tumorsphere formation, and wound healing in
MCF10A cells [117]. In addition to the Oncomine analysis showing a prominent down-
regulation of EcSOD expression in breast carcinomas, an inverse correlation between the
MRNA expression levels of EcCSOD and breast cancer stage has been reported [116 118].
Immunohistochemistry data also show a significant decrease in EcSOD protein expression in
both ductal carcinoma in situ and invasive breast carcinoma compared to normal tissue
[116], further suggesting that loss of ECSOD provides a selective advantage in cancer cells.
In contrast to the tumor suppressive role, EcCSOD may be an important mediator in VEGF-C-
promoted oncogenesis. Expression levels of EcSOD were found to be down-regulated when
VEGF-C is knocked down in claudin-low breast cancers, and EcSOD was partly required for
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VEGF-C-mediated cell survival in response to oxidative stress and for VEGF-C-mediated
metastasis [119]. This apparent discrepancy in the role of ECSOD in breast cancer hints at
the complexity of redox-mediated cellular processes. It should be emphasized that these
experiments were performed in a single murine mammary carcinoma cell line that
constitutively expressed EcSOD. Since EcSOD expression is downregulated or absent in the
majority of human breast cancer cases, the relevance of these studies with respect to the role
of EcSOD in human breast cancer progression remain unclear.

Interesting, long-term estradiol stimulation resulted in significantly downregulated EcCSOD
in normal mammary epithelial cells, and in tumors derived from the ACI rat model of breast
cancer [117 120 121]. The exact mechanism involved in the estrogen-mediated loss of
EcSOD is not clear. The induction of neoplastic transformation by estrogen can be mediated
through non-receptor alpha regulated mechanisms, via a direct genotoxic effect. Russo et a/
[122] found that loss of chromosome 4 is associated with a tumorigenic phenotype by using
an /in vitro transformation model of normal mammary epithelial cells treated with 17-beta
estradiol to elucidate a sequence of chromosomal changes correlating with specific stages of
neoplastic progression. The authors implicated S/it2 as a candidate tumor suppressor located
at 4p15.2 that was silenced in the estrogen-induced tumors. However, considering the fact
that the EcSOD gene or SOD?3is also located in the chromosome 4p15.2 region, it is
tempting to speculate that re-expression of ECSOD in their C5 cells (tumorigenic cell line
derived from estrogen treated MCF10A cells) would inhibit tumorigenicity. Chromosome
4p15.1-15.3 is one of the most commonly deleted region (57%) reported in breast cancer
[123], which would deplete expression of EcSOD in these cancers.

Loss of EcSOD expression, in addition to having a tumor promoting effect, also contributes
to tumor recurrence and poor patient outcome. Local relapse remains a significant issue for
breast cancer patients who have undergone breast conserving surgery [124]. In a murine 4T1
cytoreductive surgery model study aimed at identifying mechanisms driving local
recurrence, ECSOD was found to be one of the top 40 genes underexpressed in the recurrent
tumors versus primary tumors (fold change = 4.8) [125]. The recurrent tumors grew at a
significantly accelerated rate compared to controls, suggesting that down-regulation of
EcSOD is one of the contributing factors leading to tumor aggressiveness. More
significantly, low expression levels of EcSOD are associated with reduced relapse-free
survival in multiple subtypes of breast cancer. An integrative microarray data analysis using
the Kaplan Meier Plotter [126] shows that low EcSOD expression is associated with
significantly reduced relapse free survival in all breast cancers, as well as in Luminal A (ER
+ and/or PR+, Her2-), Luminal B (ER+ and/or PR+, Her2+), Her2+, or basal-like (ER—, PR
-, Her2—, CK 5/6+, and/or EGFR+) breast cancers (Figure 3). More profound changes in the
hazard ratio (HR) for the association are seen when restriction was set to exclude untreated
patients (systemic therapies) in the analysis (right panel). Taken together, all of the evidence
discussed here underscores the importance of £cSOD as a potential tumor suppressor gene,
inhibiting the progression of malignant phenotype in human breast cancer.
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9.2 Lung cancer

9.3 Prostate

Despite the protective role of EcSOD in normal lung function, relatively little information
describes its role in lung cancer. ECSOD expression is significantly down-regulated in
primary human lung cancer compared to normal lung tissue, with further reduction
occurring between stages | and 1V [127-129]. Overexpression of this extracellular enzyme
in lung cancer cells reduced clonogenic survival and invasion via inhibition of NF-xB
activation [127 130], suggesting a tumor suppressive role of EcSOD in lung cancer. EcSOD
may also play a role in gemcitabine resistance, as it is was identified amongst the gene set
that was found to be up-regulated in resistant non-small cell lung cancer cell lines [131].
However, it is not known if EcCSOD directly confers resistance of cells against gemcitabine
or up-regulation of this gene is merely an indirect response to the cytotoxic effects of
gemcitabine. In summation, EcSOD likely functions as a tumor suppressor and further
investigation of its direct involvement in mediating sensitivity to gemcitabine would help to
shed light on its role in drug resistance in lung cancer.

cancer

Confirming Oncomine analysis, IHC studies of prostate tissue revealed a significant
reduction of EcSOD expression in cancer tissue compared to the normal counterparts [132].
Additionally, EcSOD levels and activity significantly decreased between high and
intermediate grade prostate carcinomas, as well as in prostate cancer cell lines compared to
normal prostate epithelial cells [133]. Migration and cell growth was also inhibited in a
dose-dependent manner by overexpression of EcSOD or addition of recombinant human
EcSOD [132]. The authors further showed that the inhibitory effects of ECSOD are due to
reduced MMP2/MMP9 expression and activity, as well as increased H,O, production. Other
groups have since further correlated EcSOD expression with reduction of MMP2 activity
and invasion in prostate cancer [133 134]. These studies highlight the role of this secreted
antioxidant in regulating key extracellular enzymatic activities that promote invasion and
metastasis.

9.4 Pancreatic cancer

EcSOD mRNA expression and IHC analysis reveal significantly decreased levels of ECSOD
in tumor tissue compared to normal pancreatic ductal epithelium in paired and unpaired
samples [135]. EcSOD loss is associated with a reduction in mean survival from 11.0 to 6.5
months in patients with pancreatic adenocarcinoma [135]. ECSOD over-expression inhibits
in vitro cell proliferation, invasion, and clonogenic capacity of pancreatic cancer cells in a
dose-dependent manner [135-137]. Furthermore, both transient and stable over-expression
of EcSOD inhibited primary tumor growth and increased survival in tumor xenograft models
[135-137]. EcSOD was also found to decrease levels of VEGF and HIF-1a. protein levels in
pancreatic cancer cell lines [136 137]. Since HIF-1a and VEGF promote angiogenesis,
EcSOD is likely inhibitory, restricting blood flow to the tumor. However, EcSOD may also
promote survival of quiescent pancreatic cancer cells as revealed by Deng et a/[138] where
they showed that Mirk/Dyrk1B kinase maintains the viability of quiescent pancreatic cancer
cells by up-regulation of both CuZnSOD and EcSOD thereby lowering ROS levels in
quiescent SU86.86 and Pancl cells.
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9.5 Thyroid cancer

Expression levels of ECSOD have been shown to be slightly increased in a benign thyroid
tumor goiter model but gradually downregulated in cell lines that model advanced papillary
and anaplastic thyroid cancers correlating with the level of Ras oncogene activation [139
140]. Although growth promoting effects of ECSOD at lower levels have been shown in a
thyroid cancer cell line, PCCL3 [141 142], inhibitory effects of this antioxidant in cells
harboring p53 mutations resulted in reductions in cell growth, invasion, and soft agar colony
formation [143 144]. Thus, EcSOD may have biphasic effects on tumor progression
switching from a tumor promoter during tumorigenesis to a tumor suppresser shortly after
transformation. The authors further implied that disparate effects seen with EcSOD
overexpression are due to the dose-dependent responses. Interestingly, high levels of
EcSOD, although inhibited cellular proliferation were found to promote phosphorylation of
various receptor tyrosine and non-receptor tyrosine kinases such as EGFR, ERBB2, and
FLT-3 [140 143]. Propagation of cellular signaling was halted due to inhibition of small
GTPases, (Ras, Rac, Rho, and CDC42), thereby decreasing activation of downstream
effectors MEK and Erk [140 143]. Thus, EcSOD overexpression can promote cell cycle
arrest and apoptosis via activation of p53 and reduce cell growth via promoting inactivation
of GTPases. Intriguingly, secretion of EcSOD in the tumor stroma by mesenchymal stem
cells (MSCs) increased the growth of thyroid cancer cells in co-culture models despite
having an inhibitory effect on their migration (106). Further studies are needed to assess the
extent and role of stromal-derived EcSOD versus cancer cell-expressed EcSOD in thyroid
cancer.

9.6 Melanoma

Overexpression of EcSOD showed a prominent inhibitory effect in melanomas. Inhibition of
cell proliferation by IFNy was mediated through increased expression of EcSOD [145].
Moreover, muscle cell-mediated EcSOD secretion inhibited the growth of B16 melanoma in
mice via a decrease in VEGF expression [146]. Similarly, EcCSOD overexpressing transgenic
mice demonstrated reduced growth of metastatic cancer cells despite no effect on infiltration
to the lungs after tail vein injection [145]. In a DMPA/TPA-induced skin carcinogenic
model, skin-specific EcSOD transgenic mice showed half the number of tumors compared
with the nontransgenic mice by reducing DNA damage associated with the carcinogens
[147]. A metabolomics and transcriptomics analysis however, revealed EcSOD as one of the
up-regulated genes in tumors recovering from chemotherapy treatment [148]. This is likely
due to the severe oxidative stress in both localized chemotherapy-treated and bystander
tumors as suggested by the authors. Overall, EcSOD has a clear anti-proliferative and anti-
tumor role in melanoma.

9.7 Additional Cancers

In addition to the cancer models described above, EcSOD expression is also decreased in
colorectal cancer compared to paired normal controls [149]. In a liver cancer study,
expression of EcSOD was increased by Farnesoid X receptor activity, which by inhibiting
JNK activation, inhibited liver carcinogenesis, providing indirect evidence of the tumor
suppressive role of EcSOD [103]. In renal cell carcinoma tissues, higher EcCSOD expression
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correlated significantly with higher levels of apoptosis, as indicated by TUNEL staining
[150]. Although down-regulation of EcCSOD is reported in a majority of cancers, serum
levels of EcSOD were observed to be increased in patients with gastric adenocarcinoma and
prolactinoma, a benign pituitary gland tumor, compared to healthy controls [151 152].
However, the cause or role of increased serum EcSOD in either case remains unclear.

Other studies further indicate a potential role of ECSOD in therapy response and
tumorigenesis. ECSOD expression can promote inhibition of radiation induced lung damage,
such as myofibroblast expansion, oxidative stress, and fibrosis, via injection of mesenchymal
stromal cells [153]. Additionally, ECSOD may play a role in obesity induced tumorigenesis,
as EcSOD gene transfer in mice inhibited high fat diet-induced obesity and fatty liver [154].
It also reduced pro-inflammatory crowns, which are formed by the recruitment of
macrophages to hypertrophic and necrotic adipose cells [154]. Both obesity and crown-like
structures are associated with increased risk of breast cancer [155 156]. These studies
highlight the potential role of EcSOD in protecting healthy tissue from chronic inflammation
and reducing the risk of cancer.

10. Plasma EcSOD in cancer

Since EcSOD is a secreted protein, whether there is any correlations between the plasma
levels of this antioxidant with cancer progression are of a high interest. Numerous studies
have assessed the activity of serum/plasma SOD in cancer patients versus the normal
patients but the results are controversial and largely inconclusive. For example, in breast
cancer studies, plasma SOD activity has been found to be lower in patients with malignancy
in comparison with the control group [157-159], while a reverse observation was reported
showing higher SOD activities in patients with breast cancer versus the control patients
[160-162]. Similar opposing results were also reported for prostate cancer [163 164].
Importantly, these studies relied on commercially available SOD activity kit assays which do
not discern the 3 distinct forms of SODs. Specific activity of EcSOD can be further
differentiated from the total SOD activities by including a Concanavalin A based
purification step. However, since Concanavalin A only binds to the full length ECSOD, this
will exclude the detection of the truncated form of EcSOD, and therefore may not be a
reliable method to account for the total ECSOD activity levels. Nevertheless, since
circulating levels of EcSOD could be contributed by other tissues and organs, assessing
plasma levels of this antioxidant is likely not an accurate measurement of the specific
expression levels of ECSOD in localized tumor tissues. Furthermore, ECSOD exists in both
tissue-bound and freely circulating form due to its unique HBD. A significant portion of the
full length EcSOD, despite having a strong affinity for negatively charged ECM molecules,
is also released into the circulation. Various factors such as heparin, a commonly used
blood-thinning agent, also influence this dynamic redistribution of ECSOD. Therefore, a
snap-shot measurement of this extracellular antioxidant in the blood is likely not a true
reflection of the total levels of EcSOD secreted by cancer cells. Perhaps determining the
released form of EcSOD locally i.e. in nipple aspiration fluid (NAF) may provide a better
assessment in the breast cancer model. The levels of SOD1 protein expression in NAF has
been reported to be similar between normal patients and breast cancer patients [165].
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Although one would speculate an alteration in the extracellular levels of EcSOD due to its
secretory nature, levels of EcSOD in NAF of breast cancer patients remain to be evaluated.

11. Deregulation of EcSOD in cancers

The degree of difference in ECSOD expression in cancer versus normal cells/tissues is more
pronounced and prevalent than for other SODs as shown in Oncomine analysis (Figure 2).
Down-regulation of ECSOD expression in cancer has been associated with epigenetic
silencing, up-regulation of oncomir microRNA-21, Ras oncogene-mediated gene silencing,
chronic estrogen-induced gene suppression, single nucleotide polymorphisms, DNA copy
number variation, and loss of heterozygosity. All of these observations imply that
deregulation of EcSOD expression, distribution, or function has a clinical significance. In
view of predominantly down-regulated ECSOD expression in a majority of cancers and a
tumor suppressive role as supported by a large number of /n vitroand /n vivo models,
understanding the mechanisms involved in deregulation of its expression could provide a
tool towards therapeutic interventions. The mechanisms known to regulate EcCSOD
expression in cancers is discussed in the following sections.

11.1 Epigenetic

One of the most well studied mechanisms regulating EcSOD silencing is DNA methylation.
EcSOD lacks a standard CpG island but contains a cluster of 18 CpG sites surrounding the
transcriptional start site (—550 bp upstream to 100 bp downstream) with known transcription
factor binding sites, such as Sp1/Sp3. SOD3 CpG sites have been reported to be
hypermethylated in tumor tissue from gallbladder, liver, prostate, lung, and breast cancer
samples [116 127 166-168]. Furthermore, SOD3 promoter hypermethylation correlated with
decreased mRNA expression indicating epigenetic silencing via promoter DNA methylation
[166]. SOD3 is also hypermethylated and downregulated in other diseases, such as coronary
artery disease [169]. Highlighting the functional role of epigenetic silencing of EcSOD,
treatment with 5-aza-2’-deoxycytidine (5-aza-dC), an inhibitor of DNA methylation
increased EcSOD expression in both normal and cancer cells [116 127 133 170-172]. This
methyltransferase inhibitor increased DNA accessibility via nucleosome remodeling thereby
increasing RNA polymerase 1l and Sp3 binding to the SOD3 promoter [172]. In Ras-driven
thyroid cancers, loss of ECSOD expression has also been shown to be affected with 5-aza-dC
treatment, where mutant H-RasV12-mediated suppression of EcCSOD was reverted [140].

Interestingly, methylation status of the EcCSOD promoter can be influenced by the presence
of extracellular matrix (ECM) or Matrigel in culture. While significant expression of EcSOD
is detected in mammary epithelial cells in normal tissues, once the human mammary
epithelial cells (HMECs) were isolated and plated as monolayer cells, there was a
progressive loss of ECSOD mRNA expression as the cells were passaged without the ECM
stimuli [116]. This was due to hypermethylated promoter of EcSOD when cells lose their
polarity and acinari architecture. On the other hand, restoring the three dimensional (3D)
acinar morphogenesis by culturing the HMEC cells in Matrigel induces re-expression of
EcSOD and its promoter region became largely unmethylated [116]. Similarly, the
expression pattern of another mammary-tissue specific gene, milk casein has also been
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shown to be regulated in this manner, where cell culture content and context can dictate gene
expression via epigenetic mechanisms [173 174]. Interestingly, the change to 3D culture did
not restore EcSOD expression in the breast cancer cells, presumably due to inability to form
normal acini but instead displayed an disorganized stellate growth in 3D culture [116].
These studies reveal a novel process by which ECM integrates structure and function in
mammary epithelial cells through alterations of chromatin structure and epigenetic codes.

Additionally, SOD3 methylation patterns may be impaired via a reduced ability to remove
DNA methylation. DNA methylation removal is initiated by the ten-eleven translocation
(Tet) family members, which are dioxygenases of 5-methylcytosine (5-mC). EcSOD
expression is positively correlated with Tetl expression in several tumor cell types, where
Tetl expression increases ECSOD expression via de-methylation of its CpG sites [175].
Interestingly, Tetl is often downregulated in several types of solid cancer, such as breast,
lung, colorectal, and gastric cancer [176], suggesting a potential mechanism of EcCSOD
silencing in cancer via downregulation of Tetl [175].

Alterations to the glutamate carboxypeptidase Il (GCPII) also modify methylation patterns
resulting in changes in EcSOD expression. GCPII promotes folate uptake, which promotes
DNA methylation by regenerating the methyl donor S-adenosyl methionine. In prostate
cancer, ECSOD expression correlates with mutations in GCPII [167]. The GCPII D191V
mutation promotes SOD3 hypermethylation and is associated with an increased risk of
breast cancer [167 177]. Additionally, the GCPII H475Y variant is associated with decreased
SOD3 methylation and decreased risk of breast and prostate cancer [167 178]. These studies
imply an interplay between EcSOD and GCPII variants associated with cancer risk via
changes in the folate cycle and DNA methylation status of EcSOD.

Histone modifications and histone variants can also play a pivotal role in epigenetic
regulation. Histone acetylation typically promotes gene expression by relaxing the
condensed nucleosome complex allowing for easier access to genes. Inhibitors against
histone acetyltransferases (HATS), such as GCN5, p300, and PCAF, prevented EcCSOD
increases in a stimulated monocytic leukemia cell line, THP-1 [170]. Additionally, several
studies have demonstrated increased ECSOD expression with histone deacetylase (HDAC)
inhibitors [116 170 171 179 180]. Specifically, inhibition or knockdown of HDAC3 led to
increased EcSOD expression in pulmonary artery smooth muscle cells [179]. HDAC3 is up-
regulated in many solid cancers, such as lung, breast, pancreatic, liver, and colon, indicating
another potential mechanism of EcSOD silencing in cancer [181-185]. Although, HDAC
inhibition may also indirectly increase EcSOD expression via loss of thyroid stimulating
hormone autocrine signaling [140 142], these studies indicate that decreased histone
acetylation can contribute to silencing of EcSOD in cancer.

Not only are histone modifications able to modify EcSOD expression, but changes in histone
variants have recently been shown to play a role in expression of this antioxidant. Histone
variants mediate a variety of functions, such as modifying expression, controlling chromatin
condensation, sensing DNA damage, and controlling the cellular response toward DNA
damage repair or apoptosis [186]. MacroH2A isoforms are unique H2A histone variants due
to the presence of a 30-kDa non-histone domain (macro domain) at their C-termini.
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MacroH2A variants are generally considered transcriptionally repressive in nature due to
their association with forms of condensed chromatin such as the inactive X chromosome
(Xi) and inactive genes [187 188]. MacroH2A1, a variant in the H2A family, has dramatic
effects on cancer progression dependent on its splice variant expression. The splice variant,
macroH2A1.1, inhibits proliferation, invasion, migration, and is associated with better
prognosis, while macroH2A1.2 is associated with cancer progression [186]. Interestingly,
altered RNA splicing via increases in RNA helicase, Ddx5 and Ddx17 promoted
macroH2A1.2 which resulted in suppression of ECSOD expression in a mouse mammary
tumor cell line, 4T1 [189]. These macroH2A1 splice variants had opposing effects on SOD3
expression. MacroH2A1.1 increased SOD3 expression in 4T1 cells, while macroH2A1.2
decreased its expression [189]. Ddx5 and/or Ddx17 is overexpressed in a variety of solid
cancers, such as breast, colon, prostate, non-small cell lung, head and neck, glioma, and
leukemia [190-196]. Therefore, increases in Ddx5 and Ddx17 leading to higher
macroH2A1.2 levels are an additional mechanism of EcCSOD down-regulation in cancer.

11.2 Single Nucleotide Polymorphisms

Alterations of EcCSOD expression, tissue distribution, and/or function can also occur via
single nucleotide polymorphisms (SNPs). Here, we will highlight the research into EcCSOD
SNPs and their effect on cancer risk and progression. These SNPs include rs1799895,
rs2536512, rs2284659, and rs699473 as shown in Table 1.

The most extensively studied SNP is rs1799895, which occurs in the protein coding region
and results in an arginine to glycine mutation at position 213 (R213G). This missense
mutation occurs within the heparin binding domain of EcSOD drastically reducing the
binding of EcSOD to heparin, as a result increasing circulating EcSOD [48]. The R213G
mutation also inhibits the ability of EcSOD to bind lipoprotein receptor-related protein
(LRP), which promotes its uptake by LRP-mediated endocytosis and eventual clearance by
the liver [51]. As a result, patients with R213G have a ~10-fold increase in plasma EcSOD
activity levels [48]. It is also associated with decreased development of chronic obstructive
pulmonary disease (COPD) in smokers [197]. Meta-analysis of many studies indicate
smokers with COPD are associated with an increased risk of lung cancer [198]. These
studies indicate it may provide protection to smokers from lung cancer development. Indeed,
the R213G SNP in lung cancer is associated with a protective phenotype as it was enriched
in healthy control smokers compared to lung cancer patients [199]. It is also associated with
the number of lesions in metastatic gastric cancer [200]. Although, in a large study assessing
the role of R213G SNP within the Danish population, the mutation was found to have no
effect on the overall risk of cancer [201]. Despite the dramatic change in localization of
SOD3 caused by the R213G mutation, these studies suggest that it likely has no effect on
cancer risk, except for a potential protective role in lung cancer.

The SNP, rs2536512, similarly occurs within the coding region of SOD3 and results in a
missense mutation of alanine to threonine at residue 58 (A58T). This mutation occurs within
the oligomerization domain of ECSOD and is hypothesized to play a role in protein
tetramerization. There are conflicting results about its effect on plasma EcSOD activity [202
203]. However, to date there is little known about the effect of the A58T mutation on
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EcSOD activity, localization, or oligomerization. In cancer, it is associated with increased
risk of hepatocellular carcinoma and glioma [204 205]. Similarly, it is correlated with
estrogen and progesterone receptor expression in breast cancer patients [118]. The A58T
mutation also increases risk of other diseases, such a cerebral infarction in women, type 2
diabetes mellitus, and diminished lung function in children [206-208]. The functional effect
of this mutation remains unclear and requires further study to fully understand its role in
cancer.

The SNP rs2284659 occurs within the SOD3 promoter. Due to its location in the promoter, it
may modify expression of EcCSOD. However, the effect of this SNP on EcSOD expression is
unclear as it does not occur within any known transcription factor binding domains. In
cancer, the SNP rs2284659 is associated with an increase in breast cancer incidence [209]. It
is also associated with higher plasma levels of EcSOD in diabetic patients [210]. However,
the mechanism behind the increase in patients with the SNP rs2284659 remains unclear.

Another EcCSOD SNP shown to affect cancer risk is rs699473. This SNP occurs within the
aryl hydrocarbon receptor-xenobiotic response element (AhR-XRE) binding motif of the
EcSOD promoter. The mutation causes reduced binding capacity of nuclear proteins and
alteration of a CpG site potentially perturbing DNA methylation at this location [127 206].
The resulting effect on ECSOD expression remains unclear. In cancer, the SNP rs699473 is
associated with increased risk of high-grade prostate cancer [211]. Interestingly, this SNP
was also found to protect patients from increased risk of high grade prostate cancer after
selenium supplementation in the Selenium and Vitamin E Cancer Prevention Trial
(SELECT) [212]. In breast cancer, SNP rs699473 is associated with a significant reduction
in the progression-free survival in breast cancer compared to patients with wild type EcSOD
[118]. This SNP has also been linked to an increased risk of adult brain cancer, specifically
meningioma and possibly glioma [213].

11.3 Loss of Heterozygosity

SNPs are not the only genetic abnormality regulating EcSOD in cancer. Loss of
heterozygosity (LOH), also known as allelic deletion, is the process by which a cell deletes
one of the two copies of a gene. Allelic deletion in cancer cells results in hemizygotes
containing only one parental copy of that gene. As EcSOD has several SNPs, it is likely that
parentally inherited SNPs of EcSOD exist in a heterozygous state. Therefore, LOH may help
expose functional roles of SNPs in ECSOD previously masked by the deleted allele. In
addition to unmasking SNP phenotypes, allelic deletion often results in reduced gene
expression. Several reports indicate the SOD3 gene, located on chromosome 4p15.3-4p15.1,
is a hotspot for LOH in cancer. The deletion of chromosome 4p15.1-15.3 has been observed
in many types of solid cancers, such as cervical, breast, head and neck, liver, colorectal,
lung, and bladder [123 127 214-222]. These loses range from 30% in bladder cancer up to
60% in lung cancer [219 222]. LOH of this region increases dramatically between cervical
intraepithelial neoplasia and grade | cervical cancer suggesting that allelic deletion occurs
early in tumorigenesis [214]. LOH plays a role in EcSOD suppression in the lung cancer cell
line, A549 indicating both LOH and DNA methylation mediate EcSOD silencing in these
cells [127]. Moreover, 17p-estradiol induced transformation of the normal breast epithelial
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cell line, MCF10F, resulted in loss of chromosome 4p [223]. Thus, indicating a potential role
of estrogen in EcSOD deletion in breast cancer.

Expression of EcSOD can also be regulated by microRNA, which are a class of small (~22
nucleotides) non-coding RNAs that negatively regulate gene expression post-
transcriptionally [224]. Currently, miR-21 is the only known microRNA to directly target
EcSOD, as it binds a3” UTR site in ECSOD mRNA [225]. MiR-21 is considered an
oncomir and is upregulated in both leukemias and solid cancers of the lung, breast, prostate,
pancreas, stomach, colon, ovaries, cervix, and thyroid [226-230]. MiR-21 has diagnostic and
prognostic value, as its expression typically increases with tumor grade [230]. Other targets
of miR-21 are tropomyosin 1 (TPM-1), programmed cell death protein 4 (PCDCD4),
reversion-inducing cysteine-rich protein with kazal (RECK), maspin, NFIB, Sporouty2, and
PTEN [230]. Overexpression of miR-21 in non-transformed immortalized human bronchial
epithelial cells (NL20) reduced EcSOD levels and increased transformation as shown via
colony formation in soft agar [225]. Transformation was blunted by re-expression of
EcSOD, supporting a tumor suppressive role for ECSOD [225]. Additionally, miR-21 levels
were significantly increased after >10 fold increases in Ras activity via expression of mutant
H-RasV12 leading to decreased EcSOD expression [140]. Therefore, cancer cells can also
silence EcSOD expression via upregulation of the oncomir miR-21.

12. Conclusion

In conclusion, the preponderance of studies have demonstrated tumor suppressive effects of
EcSOD in cancers with a few exceptions. A recent review makes the case for ECSOD as a
growth promoting enzyme during the early stages of tumorigenesis based on EcSOD
overexpression promoting mouse embryonic fibroblasts transformation [231]. However,
EcSOD inhibited tumorigenesis in a chemically induced melanoma model using EcSOD
overexpressing transgenic mice [147]. Therefore, further studies are required to fully
elucidate the role of EcSOD during tumorigenesis. The role of EcSOD in established tumor
progression is more clearly understood as vast majority of evidence indicates ECSOD is
downregulated in established tumors and low expression of this antioxidant is significantly
associated with poor outcome in breast cancer and pancreatic cancer patients. Inhibition of
cancer cell growth and metastasis in EcSOD overexpression studies also supported its tumor
suppressor function. The vast array of mechanisms involved in deregulating EcSOD further
suggest its loss is not an artifact or merely casually associated with cancer progression.
Future studies into the mechanism of action are required to elucidate remaining apparent
discrepancies in the role of EcCSOD during tumorigenesis and in therapeutic responses of
different cancers.

The degree of difference between cancer cells and the normal counterparts in their metabolic
and oxidative status provides a therapeutic rational to exploit these characteristics. Currently,
the redox approach to cancer therapy has focused on two main paths. One approach aims at
promoting ROS level beyond the threshold in cancer cells, while the other takes the opposite
direction of scavenging oncogenic superoxide radical. Since SOD is the only enzyme that
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scavenges superoxide, an essential primary step in eliminating the toxic free radical and its
derivatives, SOD is an attractive target for pharmacological intervention. Application of
exogenous SODs would exhibit clinical limitations and a variety of innovative approaches
should be explored. Among these are SOD mimetics, which are reviewed here [232]. Based
on recent cancer clinical trials showing mostly underwhelming performance of antioxidant
supplements, it is premature to use SOD mimetics for cancer therapy. Preclinical models
however, showed that the use of these mimetics provides a greater potential when used in
combination with chemotherapies or with radiotherapy, than its use as a single anti-cancer
agent [232]. Another strategy to restore EcSOD activity in cancer cells is by an epigenetic
approach. Inhibitors of histone deacetylases have been synthesized and tested in numerous
clinical trials, although the lack of their selectivity often yields favorable results only in a
small set of patients. Of interesting note, the unique HBD of EcSOD could be further
exploited as a cell penetrating drug-delivery tool.

As an extracellular protein, ECSOD also plays an important role in ECM remodeling. The
ECM not only provides the structural foundation for tissue function and mechanical
integrity, it regulates the availability of growth factors and cytokines to direct cell growth,
survival, migration, differentiation, and immune function. Deregulated ECM dynamics in the
molecular etiology of cancer development and progression has been well established [233].
Negatively charged ECM components, such as heparan sulfate, collagen type I, and
fibulin-5, which are sensitive to oxidative fragmentation, are known to form ionic
interactions with the basic residues in the HBD of EcSOD [33 39-41]. Numerous reports
have demonstrated the protective function of EcSOD against ROS/RNS-induced
fragmentation of heparan sulfate, elastin, collagen, and hyaluronan in suppressing oxidative-
mediated lung injuries [56 234 235], pointing to a potential role of ECSOD in regulating the
ECM dynamics in cancer. In support of this, a breast cancer study showed that
overexpression of ECSOD prevented oxidative-mediated heparan sulfate cleavage from cell
surfaces [115]. Although the mechanism remains to be elucidated, a down-regulation of
heparanase expression is associated with EcSOD in these breast cancer cells. Heparanase is
elevated in a wide variety of human cancer cells, including breast cancer. By degrading the
constituents of basement membranes and ECM, heparanase participates in promaoting
invasion of cancer cells into the underlying stroma and metastasis to distal sites via vascular
and lymphatic routes [236]. In addition, ECSOD has been shown to inhibit
metalloproteinases (MMPs), which is another major determinant of the ECM dynamics. In a
prostate cancer study, by scavenging O,*~ and preventing the oxidation of NO® into ONOO™,
EcSOD inhibited MT1-MMP activity and subsequently reduced MMP2 activation [132—
134]. Considering the fact that the extracellular microenvironment of most cells is exposed
to higher degrees of oxidative insult than the intracellular environment, due to limited
amounts of secreted antioxidant enzymes, a down-regulation of EcSOD expression or
activity would promote cancer-associated ECM remodeling.

Due to its secreted nature and the ability to be transported to recipient cells through its
binding with heparin sulfate proteoglycans on the cell surface, its expression in the
surrounding tumor stroma needs to be addressed. Much focus has been placed in
determining the role of EcSOD in neoplastic epithelial cells but little is known about this
antioxidant enzyme in the tumor stroma. A recent report showed that mesenchymal stem

Free Radic Biol Med. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Griess et al.

Page 21

cells could be an important source of EcSOD secretion in thyroid tumors. In breast cancer,
down-regulation of ECSOD protein expression was observed in the tumor stroma when
compared to the normal stroma (unpublished data). The implication of this reduction is not
clear at this point although understanding the contributing role of stroma EcSOD would
provide a window into the cross talks between cancer cells and their stromal cell partners. In
view of its ability to regulate receptor tyrosine kinase signaling, which suggests that ECSOD
can regulate heterotypic cell-cell interactions, the role of EcSOD in regulating cancer-stroma
interactions is an additional area of interest. This is particularly important considering the
oxidative nature of tumor microenvironment in most solid tumors. Since EcSOD is an
extracellular protein, it is possible that the effect in cancer is mediated through the tumor
microenvironment, explaining why downregulation of ECSOD promotes cancer metastasis,
which is in contrast to some studies reported for CuZnSOD and MnSOD.

Furthermore, the oxidative tumor microenvironment can play a role in the tumor immune
response, as ECSOD can regulate both innate and adaptive immune cell infiltration and
function. Macrophage infiltration, which is correlated with poor prognosis in cancer [237], is
reduced with EcSOD overexpression in acute inflammation mouse models [238]. In addition
to its role in the innate immune system, EcSOD selectively inhibited Th2 and Th17
differentiation with no effect on Th1 [239], which are implicated in tumor progression [240].
Additionally, macrophage-derived superoxide induces Treg formation [241], indicating
EcSOD may serve a potential inhibitory role for Tregs in cancer. With the rapid expansion of
the tumor immunology field due to limited yet promising efficacy of targeted
immunotherapies, further studies into the role of EcSOD on the tumor immune response,
such as its effects on the PD1/PDL1 checkpoint pathway, are required due to its unique
ability to regulate the oxidative tumor microenvironment and its potential for combinatorial
treatment with immunotherapies.
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Highlights
. Expression levels of EcSOD are significantly downregulated across a vast
majority of cancers.
. Overexpression of EcSOD inhibits cancer cell growth, invasion, and

metastasis in numerous /n vitroand /n vivo studies, suggesting a tumor
suppressive role.

. Low EcSOD expression confers poor prognosis in breast cancer and
pancreatic cancer patients.

. Deregulation of EcSOD expression, distribution, or function in cancer has
been associated with a vast array of genetic and epigenetic mechanisms.
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Figure 1.
Schematic illustration of human EcSOD protein structure. The 240 amino acid pro-peptide

features an N-terminal signal peptide (green) cleaved to generate the 222 amino acid
matured protein. Asparagine 89 is depicted as the singular glycosylated residue. The C-
terminal heparin binding domain is depicted (blue).
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Figure 2.
Oncomine gene summary view comparing the number of datasets that had significant

changes in mMRNA expression for EcSOD (SOD3), CuznSOD (SOD2), and MnSOD (SOD2)
in cancer versus normal tissues. Thresholds were set for P<0.01 and top 10% score in gene
rank for most significantly changed genes. Blue boxes indicate downregulation and red
represents upregulation. Number in each box shows the number of analyses that met the
thresholds.
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Analysis of breast cancer data by Kaplan-Meier Plotter (http://kmplot.com) shows that low
EcSOD expression is significantly associated with poor outcome (relapse free survival, RFS)
in all types of breast cancer examined. Left panel shows analyses performed on all patients
regardless of treatments while systemically untreated patients were excluded in analyses
shown on the right. In red, patients with expression above the median and in black, patients
with expressions below the median. The numbers of samples in each group are indicated in
parentheses, and the hazard ratios (HR) and log rank p values are shown. Gene expression
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data and survival information are downloaded from GEO (Affymetrix HGU133A and
HGU133+2 microarrays), EGA and TCGA.
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Summary of EcSOD SNPs with associated cancer risk.

Page 42

Table 1

SNP Location Mutation Effect on Cancer
rs1799895 (Ex3-631C>G)  Coding region C—G; R213G  Decreased risk of lung cancer [198]
Increased number of lesions in metastatic gastric cancer [200]
rs2536512 Coding region A—G; A58T Increased risk of hepatocellular carcinoma [204]
Increased risk of glioma [205]
Associated with estrogen/progesterone receptor expression in breast
cancer [118]
rs2284659 Promoter G—T In a 4 SNP set that results in increased risk of breast cancer [209]
rs699473 (IVS1+186C>T) Promoter; AhR-XRE C—T Enriched in high-grade prostate cancer [211]

binding site, CpG
Island

Decreased progression free survival in breast cancer [118]
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