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Abstract: Reactive oxygen species (ROS) are a normal byproduct of cellular metabolism and are
required components in cell signaling and immune responses. However, an imbalance of ROS can
lead to oxidative stress in various pathological states. Increases in oxidative stress are one of the
hallmarks in cancer cells, which display an altered metabolism when compared to corresponding
normal cells. Extracellular superoxide dismutase (EcSOD) is an antioxidant enzyme that catalyzes
the dismutation of superoxide anion (O, ™) in the extracellular environment. By doing so, this
enzyme provides the cell with a defense against oxidative damage by contributing to redox balance.
Interestingly, EcSOD expression has been found to be decreased in a variety of cancers, and this loss
of expression may contribute to the development and progression of malignancies. In addition, recent
compounds can increase EcSOD activity and expression, which has the potential for altering this
redox signaling and cellular proliferation. This review will explore the role that EcSOD expression
plays in cancer in order to better understand its potential as a tool for the detection, predicted

outcomes and potential treatment of malignancies.
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1. Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) are not only a normal byproduct of cellular metabolism
that play a critical role in cell signaling processes, but also are generated by enzyme sys-
tems as an integral part of innate immune responses [1,2]. ROS are so named for their
greater reactivities compared to molecular oxygen (O,) and receive attention for their
toxic ability to damage proteins, lipids, and nucleic acids. Indeed, a delicate balance ex-
ists between ROS and their neutralizing antioxidant scavengers. An imbalance of ROS
leads to pathological states. For example, an inability of phagocytes to generate ROS
increases susceptibility to fungal and bacterial infections, as seen in chronic granulomatous
disease [3]. Additionally, an overabundance of ROS, whether via increased production
or a deficiency in antioxidants, leads to oxidative stress and has been linked to diverse
pathologies, such as atherosclerosis, hypertension, ischemia/reperfusion injury, and neu-
rodegenerative disease [4]. Increased oxidative stress has also been observed in cancer cells,
which demonstrate altered metabolism as compared to normal tissues. This imbalance
in the cellular redox state is associated with factors leading to malignant transformation,
including altered cellular proliferation, stimulation of growth, and DNA damage [4,5].

Superoxide dismutases (SODs) are one of the most important defenses against oxida-
tive damage. SODs consist of three antioxidant enzymes that catalyze the dismutation of
superoxide anion (O, ™) to hydrogen peroxide (H,O,), which is subsequently removed by
catalase and peroxidases [6]. Each isoform catalyzes the same reaction yet is unique in
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its cellular location. Of the three SOD isoforms, CuZnSOD (SOD1) and MnSOD (SOD2)
are located intracellularly; CuZnSOD is predominantly located in the cytosol and MnSOD
in the mitochondria [6,7]. Extracellular superoxide dismutase (EcSOD), the third SOD
discovered, is the predominant isozyme in extracellular fluids, such as plasma, lymph,
ascites and cerebrospinal fluid [8]. It is a secreted enzyme that is located on the cell surface
and extracellular matrix, with a small portion in extracellular fluids.

The net redox balance of the cell and its surroundings influences both normal and
malignant cell behavior. As the only enzymes to dismutate superoxide, SODs play a signif-
icant role in this redox balance. However, the role that SOD plays in malignancy remains
incompletely understood, particularly when looking at each isoform’s effect. Numerous
studies have demonstrated that altering the redox balance via MnSOD overexpression
(both in vitro and in vivo) decreases cell growth and survival and increases cell differ-
entiation, consistent with the observation that MnSOD expression is frequently lost in
tumor cells [5,9]. Similar results have been observed for CuZnSOD [5,9]. However, our
understanding of how EcSOD affects tumor initiation, proliferation, and metastasis is in its
early stages. This review is directed at summarizing the salient results of investigations,
thus far on the role of EcSOD in cancer.

2. EcSOD

The EcSOD gene is localized in humans to chromosome 4q21 [10]. It shares 40-60%
homology with SOD1, though virtually none with SOD2 [11]. EcSOD expression varies
throughout the body. The highest concentrations are found in heart, lung, vascular smooth
muscle, pancreas, and placenta, while low concentrations are in the liver, brain, and
skeletal muscle [12-16]. The localization of EcSOD to the extracellular matrix (ECM) and
cell surfaces is due to in part to an N-terminus targeting signal and its heparin binding
domain (HBD) [17,18]. A targeting signal on the N-terminus of immature EcSOD instructs
its secretion to the extracellular space [18]. Following secretion, the targeting signal is
cleaved and the more stable mature EcSOD enzyme remains [18]. The HBD contributes a
strong affinity for heparin and heparan sulfate, the latter of which is a critical component
of cell surfaces and ECM. Nearly 99% of EcSOD is anchored to these heparan sulfate
proteoglycans, with the remaining 1% located in the vasculature in equilibrium between
the plasma and the endothelium [19]. EcSOD in vivo demonstrates heterogeneous affinity
for heparin, due in part to post-translational proteolytic removal of the HBD [20,21].
The affinity for heparin varies across populations, in part because of single nucleotide
polymorphisms (SNPs) within the HBD. One study of random blood donors identified that
individuals with a HBD SNP demonstrate decreased heparin affinity with a subsequent
ten-fold increase in plasma EcSOD levels [19]. In an animal model, such EcSOD variants
with diminished or absent heparin affinities have significantly shorter half-lives (20 and
7 h, respectively, versus 85 h for unaltered EcSOD) [22].

2.1. EcSOD Expression

Factors affecting the regulation of EcSOD expression are numerous and varied. Some
of the major factors include nitric oxide, which can be inactivated by superoxide anion
and has been shown to upregulate EcSOD in a mouse model [23]. Angiotensin II has
also been shown to amplify EcSOD expression in mice by increasing transcription as
well as providing greater stabilization (and thus longer half-life) of ECSOD mRNA [24].
Additionally, stimulating EcSOD expression is heparin and, to a lesser extent, heparan
sulfate as demonstrated in human fibroblasts [25]. Cytokines were found to influence
EcSOD expression in human dermal fibroblasts and vascular smooth muscle cells. In
both cell types, IFN-y increased, whereas TNFx decreased the expression of EcSOD [26].
TGFp decreased EcSOD in fibroblasts, whereas IL-4 increased EcSOD in smooth muscle
cells [12,26]. Hormones also influence EcSOD expression. In rat vascular smooth muscle
cells, as well as in human monocytes, treatment with estrogen significantly increased
EcSOD expression [27]. Copper, which is a required cofactor for EcSOD activity, has also
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been demonstrated to positively regulate EcSOD transcription, leading to increased EcSOD
mRNA and protein. This effect is mediated through the copper chaperone Antioxidant-
1[28].

2.2. EcSOD and Disease

Aberrations in EcSOD expression have been associated with a variety of human dis-
eases. EcSOD plays a critical role in a variety of human diseases and, generally, loss of
EcSOD confers greater disease activity while restoration or overexpression can ameliorate
those processes. In vascular diseases, the expression of EcSOD often confers a protec-
tive effect. Plasma EcSOD expression and coronary artery disease, as documented by
angiography, demonstrated that low plasma EcSOD was an independent risk for a history
of myocardial infarction (MI) and that higher EcSOD levels were associated with MlIs
occurring at a later stage [29]. Using EcSOD-deficient mice, two studies demonstrated that
the administration of angiotensin II (Ang II) caused a greater degree of hypertension in the
EcSOD-deficient mice than in the controls, and that the presence of EcSOD decreased blood
pressure, decreased superoxide, and enhanced the relaxation of vessels [30,31]. Addition-
ally, EcSOD overexpression was shown to protect against the development of pulmonary
hypertension in mice, while treatment with EcSOD improved established pulmonary hy-
pertension [32]. In a lamb model of persistent pulmonary hypertension of the newborn,
decreased EcSOD activity was noted in pulmonary artery smooth muscle cells relative to
the controls. The EcSOD activity decrease was thought to be mediated by H,O,, generated
by persistent pulmonary hypertension and hyperoxia [33].

The lung is one of the organs with the highest EcSOD expression [12-14]. Given the
lung’s constant exposure to inhaled ROS, EcSOD is poised to play a critical role in protecting
lung tissue. EcSOD’s ability to protect the ECM against oxidative stress was examined
using EcSOD-deficient and EcSOD-overexpressing mice. Mice were administered cigarette
smoke, which is known to induce the endogenous production of ROS. EcSOD-deficient
mice developed enlarged airspaces and impaired lung function and exercise capacities,
which were accompanied by increased extracellular matrix fragmentation. Conversely,
EcSOD-overexpressing mice had less severe emphysematous lung changes and were
protected against oxidative fragmentation of the extracellular matrix [34].

2.3. EcSOD and Cancer

Given its extracellular location and its distribution throughout the body, EcSOD
may play a role in cancer-related processes, such as cell signaling, angiogenesis, and
perturbations in the extracellular matrix [5]. EcCSOD expression affects the development
and progression of malignancies with loss of EcSOD expression having been demonstrated
both in vitro and in vivo [35-39] (Figure 1A-C). The greatest evidence for this is in lung and
pancreatic cancer, where low expression of EcSOD in adenocarcinoma cell lines and human
cancer specimens has been demonstrated compared to normal tissue [35-37,39]. Analyses of
human non-small cell lung cancer tissue specimens have borne out this association. EcSOD
immunoreactive protein expression has been found to be decreased by 70-90% in squamous
cell and adenocarcinoma tumor samples as compared to normal adjacent tissue [35-37].
Similarly, the vast majority of surveyed tumor samples show no immunohistochemical
staining for EcSOD [35]. Furthermore, EcSOD appears to be lost early in lung cancer
progression. A tissue array of 40 lung tumors of varying histology and grades demonstrated
that EcSOD mRNA expression was significantly decreased compared to normal lung tissue,
and the level of EcSOD mRNA progressively decreased with advancing grade [37]. In
both lung adenocarcinoma cell lines and tissue samples, EcSOD appears to be silenced at
the transcriptional level, with low mRNA expression corresponding to decreased protein
expression [37]. This phenomenon has since been shown in both pancreatic (Figure 1) and
mammary adenocarcinoma samples with similar results [38,39].
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Figure 1. EcSOD expression is significantly decreased in pancreatic ductal adenocarcinoma (PDA) relative to normal
pancreatic ductal epithelium. (A) EcSOD expression was evaluated by immunohistochemistry (IHC). EcSOD expression
was scored as present or absent. All core biopsies from normal pancreatic ductal epithelium, 28/28 (100%), had high EcSOD
expression, while 18/44 core biopsies from PDA lacked EcSOD expression (41%). p = 0.001. (B) EcSOD mRNA expression
is significantly reduced in tumor compared to normal pancreas. The data were normalized to 3-actin expression and are
presented as fold-change (log scale) of tumor samples compared to normal pancreas. (C) IHC was performed on surgical
specimens from PDA patients. Areas of normal pancreas showed intact ECSOD expression in all cases, while malignant
ductal epithelium showed reduced EcSOD expression in 11/16 specimens p = 0.0007. (D) Analysis of existing Oncomine
data revealed a consistent decrease in EcCSOD mRNA expression relative to normal pancreas in 5/7 studies; 2 studies were

highly significant [39].

In an attempt to identify an association between expression of oxidative stress mod-
ifying genes (including EcSOD) and breast cancer prognosis, transcript levels of gene
expression in 120 tumor and 51 paired, adjacent non-neoplastic tissues demonstrated that
EcSOD expression was significantly downregulated in tumor tissue compared to adjacent
normal specimens. Similar to the findings in lung cancer, EcCSOD expression was higher
in Grade I/1II tumors versus Grade III tumors, suggesting a progressive loss of EcSOD
expression with higher tumor grade. No association was found between patient’s age at
diagnosis, tumor size, or histological type [40]. These findings are similar in both thyroid
cancer [41,42] and renal cell cancer [43,44]. A DNA array of human samples containing
normal thyroid, papillary thyroid cancer, and anaplastic thyroid cancer showed signifi-
cantly lower EcSOD expression in the cancer samples compared to normal [41]. Loss of
EcSOD expression induced oncogene-mediated transformation and the de-differentiation
of rat thyroid cells [41]. In human renal cell carcinoma samples, EcSOD showed the low-
est amount of immunoreactivity compared to other antioxidant enzymes studied, which
likely represents loss of expression compared to the abundant expression in normal renal
tissue [43,44].
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2.4. Hypermethylation of EcSOD

An understanding of why EcSOD expression is so low in many cancers has been
sought. In a study of both lung adenocarcinoma cell lines, as well as human lung can-
cer samples, an epigenetic mechanism behind low EcSOD expression was examined
(Figure 2A,B). The investigators found that the methylation status of the EcSOD promoter
inversely corresponded to EcSOD expression [37] (Figure 2C). That is, significantly higher
cytosine methylation in the EcSOD promoter regulatory region corresponded to cells and
tumor samples with decreased EcSOD [37] (Figure 2D). Similar epigenetic modifications
were found in breast cancer, where a significant increase in the methylation of the EcSOD
promoter in patients with breast cancer compared to controls was identified [45,46]. In an-
other study, combined bisulfite restriction analyses of in vivo tumor samples demonstrated
an association of DNA methylation with the loss of EcSOD expression [38].

2.5. Single Nucleotide Polymorphisms

Single nucleotide polymorphisms (SNPs) have been described for EcSOD. At least one
variant has been associated with altered outcomes in human diseases. Similar attempts to
link SNPs to cancer risk have been undertaken, with varying results. The possibility of a
link between genetic polymorphisms in EcSOD and pancreatic cancer risk was examined.
This case—control study compared EcSOD polymorphisms at rs1799895 (Arg231Gly) of
235 pancreatic cancer patients to 265 controls, but failed to demonstrate any concordance
between polymorphism and cancer risk [47]. Similarly, two separate studies of SNPs and
prostate cancer did not yield any link for polymorphisms at rs8192287, rs699473, rs17878863,
rs17881426, rs1007991, rs8192291, rs2695232, rs1799895, rs2853796, and rs2855262 [48,49].
However, in breast cancer, a comparison of EcSOD genotype and clinical data of patients
with breast cancer revealed several important associations. First, patients with the threo-
nine allele in SNP rs2536512 had a significantly greater rate of estrogen receptor positive
tumors than patients carrying the Ala/Ala genotype. Secondly, the SNP rs699473 was
associated with modified progression-free survival; those patients carrying the T allele had
significantly poorer progression-free survival than patients carrying the CC (homozygous
normal) genotype. This was true also in the group of patients treated with hormonal
therapy [40]. This same SNP was implicated in an increased risk of adult brain tumors.
In a case—control study, the investigators detected an increased risk of both glioma and
meningioma in patients with the C variant (CT genotype) of SNP rs699473 [50].

2.6. Phenotypic Effects of EcSOD Expression

As noted above, EcSOD expression is lost in a number of tumor types, thus reintroduc-
ing EcSOD may affect tumor growth and progression. To that end, several investigators
have examined the effects of EcCSOD overexpression both in vitro and in vivo (Table 1).
Pancreas cancer cells forced to overexpress EcCSOD demonstrate a dose-dependent decrease
in cell growth and clonogenic survival compared to parental cells [39,51,52]. The in vivo
effects of EcSOD overexpression with both adenoviral and stable cell constructs were tested
in mouse models. Animals treated with EcSOD had the smaller tumor volumes, due to
significantly slowed growth rate and increased survival rate compared to controls [39,51,52]
(Figure 3A—C). The overexpression of EcCSOD was also found to decrease peritoneal growth
in an intraperitoneal metastasis model [39]. Cells stably expressing EcSOD injected via
intraperitoneal injection formed significantly less peritoneal tumor growth over time [39]
(Figure 3D,E).
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Figure 2. EcSOD protein and mRNA expression are decreased in lung adenocarcinoma, with frequent
alterations in EcSOD promoter methylation. (A) Western blot for EcSOD. NL represents normal lung
tissue while LT1-LT5 are lung adenocarcinoma tumor samples. The x axis represents the clinical
sample labels for both panels A and B. (B) Expression of EcSOD mRNA, as determined by quantitative
real-time RT-PCR. Each value is shown as a relative value compared to NL and normalized to 185
transcription level (* p < 0.05 vs. normal). (C) Heat map depicting the percent methylation of CpG
sites 6-12 (right y axis) of the EcSOD promoter in NL and LT1-LT5. As depicted in the legend along
the left y axis, low methylation is labeled in light yellow and the highest methylation in dark blue.
(D) Results of TagMan copy number variation assay in human lung cancer samples and cell lines.
The y axis represents gene copy number, and the x axis represents clinical samples. Error bars, S.D. of

each sample run in triplicate [37].
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Table 1. EcSOD in malignancy.
Tissue Growth/Proliferation Cell Types Model Other Effects Reference
In vitro—adenoviral
. overexpression,
Pancreas Eﬁfgetasffoioﬁ];&l&gl Mia PaCa-2, BxPC-3 In vivo—intratumoral Te§510/7(:[1%1§1]en
¢ & injection with adenoviral :
constructs
In vitro—adenoviral
. overexpression,
Pancreas lt)_ecreased doubling Mia PaCa-2, H6c7 In vivo—intratumoral Du/Cullen 2012
ime, tumor growth L : : [51]
injection with adenoviral
constructs
Increased indirectly; Loss of EcSOD correlated
Pancreas survival of quiescent SU86.86, Panc-1 In vitro with decreased survival Deng 2009 [53]
cells of quiescent cells
In vitro—stable cell EcSOD overexpression
. overexpression, decreased invasive
Pancreas Ezfereiji?ofoﬁg&rtll% Mia PaCa-2, BxPC-3 In vivo—subcutaneous capacity. Loss of EcCSOD  O’Leary 2015 [39]
’ & injection with stably correlated with worsened
overexpressing cells disease biology
Pancreas Decreased tumor Mia PaCa-2 ir}}gc\gzmlirtl}tlr:éfr?gsial}al EcSOD overexpression Sibenallar 2014
growth ) constructs suppressed VEGEF levels [54]
EcSOD expression
: increased /decreased
Prostate NA PC3 gPCR gene microarray corresponding to LEDGF Basu 2011 [55]
expression
Prostate NA DU145, PC-3, In vitro—adenoviral Overdexpresseci:l Efls OD Chaiswing 2008
WPEI-NB26 overexpression iﬁf/l::saif/ingses [56]
Breast fo;zassgfoofzgg MDA-MB231, In vitro—adenoviral Decreased invasive Teoh/Domann
» CLONOgH MDA-MB 435 overexpression capacity (matrigel) 2009 [57]
survival P pacity &
Increase in
Human breast tissue hypermethylation of Naushad 2011
Breast NA samples EcSOD promoter in 45
breast ca
Decreased EcSOD in
Human breast tissue tumor vs. normal; higher ~ Hubackova 2012
Breast NA L
samples expression in lower grade [40]
tumor samples
Decreased EcSOD in mRNA
Breast NA and protein in tumor vs. Teoh 2014 [38]
normal; inverse correlation
with clinical stages of cancer EeSOD )
In vitro—MDA-MB231 CoLL) OVErexpression
MDA-MB231 : suppresses oncogenic
Breast NA MDA-MB468, RMF overex1:>ressllirr11i;3 EcSOD cell cancer-fibroblast Golden 2017 [58]
interaction
Increase in methylation
Human breast tissue Pyrosequencing analysis in status of EcSOD .
Breast NA samples breast carcinoma samples promoter in tumor vs. Griess 2020 [46]
normal tissue
. HAE, A549, MRC-5, . . . .
Lung Decreased c'lonogenlc NCI-H1975 & H1650; In V1tr0—adenpv1ra1 Decreased invasive Teoh 2012 [37]
survival lung tissue samples overexpression capacity (matrigel)
Lung NA Human lung ca Decreased EcSOD in Yoo 2008 [36]
tissue samples tumor vs. normal
Human lung ca Decreased EcSOD in
Lung NA tissue samples fumor vs. normal Svensk 2004 [35]
In vitro—adenoviral Decreased tumor size
Melanoma No change Bl6-F1 overexpression; with EcSOD Whe%%r] 2003
In vivo—tumor xenografts overexpression.
Transformed rat thyroid cell
Thyroid NA PCEIS, RET/PTCL lines, Human thyroid DNA NA Laukdancn 2010
’ array
Mesenchymal ; Increased SOD3
qPCR expression of SOD3 SO
. __ Stromal SOD3 _stem/stromal cells measured in normal thyroid expression i cancer Parascandolo
Thyroid increased cancer cell  isolated from human . mesenchymal
: - stromal cells and papillary 2017 [42]
growth papillary thyroid thyroid + 1 cell stem/stromal cells vs.
cancer yroid cancer stromal cells normal MSCs
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Table 1. Cont.
Tissue Growth/Proliferation Cell Types Model Other Effects Reference
In vitro—DCA
. SKOV-3, administration, shifting cell Increased apoptosis and
Ovarian NA MDAH-2774 metabolism from anaerobic to increased EcSOD Saed 2010 [60]
aerobic
In vitro—DCI administration, .
Ovarian NA SKOV-3 MDAH-2774  inhibiting NADPH oxidase I“Cfieased a%"g“s’%fgnd Jiang 2011 [61]
production of ROS ccreased EC
Increased apoptosis

and proliferation - )

Renal with higher EcSOD Human RCC samples NA NA Soini 2006 [43]
expression

Similar findings were demonstrated in both melanoma and breast cancer [38,59]. Mice
administered adenovirus to overexpress EcCSOD had an 80% inhibition of melanoma tu-
mor growth compared to controls. Further findings were obtained when cells were first
transduced to overexpress EcSOD and then injected into untreated mice, demonstrating
the effect of EcSOD on tumor growth [38,59]. In breast cancer, both experimental lung
and spontaneous metastasis models demonstrated that overexpression of EcSOD through
adenoviral vectors resulted in reduced lung metastasis compared to controls. Mice in-
jected with adenoviral EcSOD in both models also displayed increased median survival
rates [38]. Similar results were produced using an SOD3-mimetic, polynitroxyl-albumin,
which increased survival and decreased lung metastasis in mice with triple-negative breast
cancer flank tumors [62]. Consistent with these findings, forced overexpression of EcSOD
in lung and pancreas cancer cell lines reduced the malignant phenotype by increasing
cell doubling times and decreasing clonogenic survival [37,39,57]. These changes were
even more pronounced in breast cancer cells treated with an adenoviral EcSOD construct
containing a deletion in the HBD, which eliminated the ability of EcSOD to associate with
heparan sulfate and, therefore, its sequestration on the cell surface. The mechanism by
which EcSODAHBD would impair cancer growth more than the full-length construct are
not yet elucidated but may relate to greater bioavailability of the unbound EcSOD.

While much of the work with EcSOD is related to the effects on cell proliferation,
EcSOD also has been implicated in helping cells survive in a quiescent state. As quiescent
cells have been found to be relatively resistant to apoptosis, an understanding of the
mechanisms by which they maintain survival in the quiescent state may be important.
One mechanism the cells may be using to maintain cell viability while in a resting state
is via reduction in oxidative stress. Mirk/Dyrk1B, a serine/threonine kinase activated by
oncogenic K-ras, was found to be most active in quiescent pancreatic cancer cells [53]. Mirk
was shown to affect quiescent cell viability in part by reducing oxidative stress through the
increased transcription of several antioxidant genes including EcSOD [53].

Ovarian cancer cells become sensitive to apoptosis through manipulations of the redox
balance [60]. The role of EcSOD on ovarian cancer cell survival is only beginning to be
understood. Two studies have examined its role in apoptosis and have demonstrated
varying relationships between EcSOD expression and apoptosis. First, the inhibition
of dehydrogenase kinase induced a shift from glycolysis to oxidative phosphorylation,
resulting in an increase in EcSOD mRNA and protein as well as an increased rate of
apoptosis [63]. Secondly, the inhibition of ROS-producing enzymes, such as NADPH
oxidase also resulted in decreased EcSOD and increased apoptosis [61]. These findings
demonstrate that the complex relationship between EcSOD and apoptosis in ovarian cancer
requires further investigation.
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Figure 3. Overexpression of EcSOD reduces tumor xenograft growth and peritoneal growth and
increases doubling time and animal survival in athymic nude mice. (A) EcSOD overexpressing-
tumor volumes were significantly smaller (** p < 0.05 vs. EcSOD) starting on day 32. (B) EcSOD
tumors demonstrated a significantly longer doubling time compared to the control (* p < 0.05 EcSOD
vs. control). (C) Kaplan-Meier survival plot demonstrates that mice baring EcSOD, expressing
BxPC3 tumors had prolonged median survival compared to mice baring empty vector tumors (63 vs.
52 days * p = 0.002, log-rank). (D) Intraperitoneal luciferase-expressing EcSOD tumors demonstrated
decreased growth measured by total photon flux when compared to empty vector control tumors.
(E) Representative image of bioluminescence imaging of mice 28 days post-intraperitoneal injections
of luciferase-expressing Bx-EcSOD or Bx-Control cells. Mice injected with luciferized Bx-EcSOD cells
showed statistically less tumor burden than control mice [39].

The role of EcSOD in the evasion of apoptosis was indirectly examined in prostate
cancer cells. Lens epithelium-derived growth factor (LEDGF) is overexpressed in prostate
cancer and promotes resistance to cell death. A PCR array examining antioxidant gene
expression changes in response to alterations in LEDGF expression revealed corresponding
changes to levels of EcSOD. Thus, EcSOD may be one of several genes regulated by
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LEDGF and may play a role in prostate cancer cell survival and resistance to oxidative
stress-induced cell death [55].

A critical part of tumor growth and proliferation is angiogenesis. In in vivo tumor
models, as well as in vitro assays, EcSOD significantly affected vascular endothelial growth
factor (VEGF) [54,59]. Mice treated with an adenoviral vector to overexpress EcSOD in
both melanoma and pancreatic tumors showed significantly decreased VEGF expression
on immunohistochemistry and Western blot as well as decreased tumoral vessel density
on hematoxylin and eosin and immunostaining [54,59]. Both breast and pancreatic cancer
cells with forced overexpression of EcSOD also demonstrated a significant decrease in
VEGEF [54,57]. Contrary to the above results, a recent study in breast cancer progression
showed that the restoration of EcSOD in VEGF-C knockdown cells actually increased
tumor progression and metastases in vivo. The investigators concluded that EcSOD was a
mediator of VEGF-C-induced metastasis in this specific murine cell line [64] EcSOD also
effects tumor vasculature through interaction with HIF-2« [65,66]. Mira et al. argued that
increased EcSOD expression increased chemotherapy delivery to tumors by stabilizing HIF-
2, leading to increased vascular endothelial cadherin which reduces vessel leakage [65].
The EcSOD interaction with HIF-2« also improved T cell tumor infiltration in an in vivo
thymoma model [66].

The ability of tumor cells to invade surrounding tissues is critical to their ability to
metastasize. In addition to affecting tumor growth and angiogenesis, EcSOD has been
demonstrated to modify cancer cell invasive capacity. Separate in vitro models of forced Ec-
SOD overexpression in prostate, breast, lung, and pancreatic cancer cells all demonstrated
a significant reduction in the cells” ability to invade [37,39,56,57] (Figure 4). Mechanisms
behind this reduced invasive ability may be related to alterations in matrix metallopro-
tein (MMP), heparanase expression, or redox imbalances in the absence of EcSOD. In the
prostate cancer model, decreased invasiveness in EcSOD overexpressing cells was accom-
panied by decreased MMP protein expression activity [56]. Heparanase, which degrades
extracellular matrix components is upregulated in many cancers. The breast and lung mod-
els suggested that the effect of EcSOD on invasive capacity may be related to heparanase
expression, where cancer cells overexpressing EcSOD had diminished heparanase promoter
activity, decreased heparanase transcription and activity, and increased intact heparan
sulfate on cell surfaces [37,57]. This effect may be mediated through NF-«B, which has
been shown to correlate with heparanase expression in several cancers, as the overexpres-
sion of EcSOD both in vitro and in vivo was associated with decreased NF-kB expression
and nuclear localization [37,59]. Pancreatic cancer models point to redox imbalances as a
possible mechanism of invasive potential. Incubation with N-acetylcysteine (non-specific
thiol antioxidant) or NG-nitro-L-arginine (competitive inhibitor of NO-synthase activity)
significantly reduced invasion in control cells without impacting EcSOD overexpressing
pancreatic cells [39]. Alternatively, the incubation of pancreatic ductal adenocarcinoma cells
with catalase, an antioxidant enzyme that scavenges H,O,, did not decrease the invasion
of either control or EcSOD overexpressing cells [39]. These combined results suggest that
reduced invasion is not due to the accumulation of extracellular H,O; but may instead
be due to EcSOD'’s ability to remove superoxide (O, ™), thereby limiting the formation of
peroxynitrite (ONOQO™) in the extracellular space. Similar in vivo findings are presented
with the use of lecithinized superoxide dismutase (PC-SOD) in pulmonary metastasis of
mice, where it was concluded that PC-SOD caused a dose-dependent decrease in metastatic
activity through a mechanism that might involve the inhibition of ONOO™ formation [67].
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Figure 4. Forced re-expression of EcSOD reduced the clonogenic capacity and invasive potential
of human lung cancer cells. (A) Following adenovirus transduction of EcSOD (AdEcSOD) in lung
cancer cell lines, Western blot shows increased expression of EcSOD in both cell lysates and in culture
media. An activity gel (bottom panel) shows that EcSOD was secreted and was catalytically active
in the adenovirus infected H1650 cells. Empty vector infection did not induce EcSOD expression.
(B) Clonogenic survival is significantly decreased (* p < 0.05 vs. AdEmpty) after forced EcSOD
re-expression. (C) Invasion through Matrigel was assessed after forced EcSOD re-expression [37].

Evidence for the role of nitric oxide (NO), (O, ™), and ONOO™ in metastatic potential
has previously been widely discussed. Increased expression of nitrotyrosine, a biomarker
for peroxynitrite, has been shown in both pancreatic adenocarcinoma and esophageal squa-
mous cell carcinoma when compared to normal tissue [68,69]. Detection of nitrotyrosine in
esophageal cancer was associated with increased tumor invasion, occurrence of metastasis,
pathological stage and decreased survival [69]. Similar findings were recently determined
in resected pancreatic adenocarcinoma patient samples where a loss of EcSOD expression
was observed alongside an increase in immunoreactive nitrotyrosine [39]. These results
highlight the complicated nature of metastasis and suggest that EcCSOD may help elucidate
the factors that lead to disease progression.



Antioxidants 2021, 10, 1219

12 of 16

3. SOD Mimetics in Cancer Therapy

As decreased levels of EcSOD have been implicated in many cancers, strategies to
boost superoxide scavenging with SOD mimetics have been pursued as cancer therapy.
SOD mimetics, synthetic compounds that mimic the activity of native SOD, have been
studied as adjuvants for inhibiting cancer cell growth and as radioprotectants for nor-
mal tissues. For example, Chatterjee et al. showed that an SOD mimetic in the class of
Manganoporphyrins (MnPs), MnTE-2-PyP, enhanced tumor radiosensitivity in an in vivo
prostate cancer model. This same molecule was also found to protect normal pelvic tissue
from radiation damage [70,71]. Another SOD mimetic, MnTnHex—Z—PyP5+, also demon-
strated promising radioprotective effects by reducing lung fibrosis after whole-thorax
irradiation in a non-human primate model [72]. SOD mimetics have also been found to
be safe in human clinical trials. In a Phase IIb trial, the SOD mimetic GC4419 significantly
reduced severe oral mucositis in patients undergoing radiation therapy for head and neck
cancer [73].

SOD Mimetics and Pharmacological Ascorbate

Pharmacological ascorbate (P-AscH™, high dose intravenous Vitamin C) is a promising
adjuvant for pancreatic cancer therapy [74,75]. P-AscH™ achieves plasma concentrations
of ascorbate in the 10-20 mmol range, compared to 0.2 mmol plasma levels when ascorbate
is administered orally. It is at these elevated levels that P-AscH™ is selectively cytotoxic
to cancer cells via generation of HyO, and has proven to be a safe adjuvant to standard
of care therapy in our clinical trials [75,76] Interestingly, SOD mimetics have been shown
to enhance the cytotoxic effects of P-AscH™ in pancreatic cancer [77]. Although MnPs
were originally developed as SOD mimetics, they act as superoxide reductases in the
presence of P-AscH™ as the central Mn (III) is reduced to Mn (II) by P-AscH™. Mn (II)
then reacts with O,, forming superoxide, which then becomes H,O, and O, [78]. MnPs
have varying degrees of physicochemical properties when combined with P-AscH™. In
one study, MnT4MPyP had the greatest effect on increasing P-AscH™ oxidation rates when
compared to two other MnPs [79]. This interaction between P-AscH™ and MnPs synergized
to decrease clonogenic survival in PDAC cells. In another study, MnT4MPyP not only
increased P-AscH™ oxidation in vivo, acting as a radiosensitizer to pancreatic cancer cells,
it also increased P-AscH™ oxidation ex vivo when added to plasma samples of patients
who had undergone P-AscH™ infusion during radiotherapy [77]. The aforementioned
mimetic, GC4419, is a pentaazamacrocyclic Mn (II)-containing compound. GC4419 also
increases P-AscH™ cytotoxicity to cancer cells by increasing the oxidation rate of P-AscH™
and HyO, generation. When GC4419 is combined with P-AscH ™, human lung and head
and neck cancer cells are sensitized to radiation [80].

Because of these encouraging interactions between P-AscH™ and SOD mimetics, our
group has investigated the relationship between P-AscH™ and native EcSOD expression.
We recently discovered that P-AscH™ treatment increases the expression of DUOX1 and
DUOX2, members of the NADPH oxidase family, in pancreatic cancer cells [81]. These
enzymes, similar to EcSOD, have decreased expression in pancreatic cancer cells compared
to normal pancreatic cells. In pancreatic cancer cells, P-AscH™ treatment (10 pmole/cell,
1 mM for 1 h) increased EcSOD expression 48 h later after treatment, with no increases
in normal pancreatic epithelial cells (Figure 5). These results demonstrate that P-AscH™,
in addition to its direct cancer-specific cytotoxicity, may induce increased expression of
EcSOD and other potential tumor suppressor genes by direct stimulation or through
epigenetic mechanisms. The elucidation of these pathways may yield promising data for
both understanding the ROS and EcSOD relationship with cancer as well as provide novel
therapeutic options for future cancer patients.



Antioxidants 2021, 10, 1219 13 of 16

A B
= MIA PaCa-2 = H6c7
<] =]
® 37 ‘@ 1.5
] * 0
g e
Q. 1 o,
> 3
o 24 o 1.0
o 5 L
o [=1]
Q Q
> 2
£ 17 + 0.54
3 £
o [=]
S o- . Q 0.0- .
w > & o > &
<’\6° a,o (.\60 60
F <~ & ¥

Figure 5. P-AscH™ increases EcSOD expression in PDAC. (A) MIA PaCa-2 cells were treated with
P-AscH™ (10 pmole/cell, 1 mM for 1 h). Expression of ECSOD mRNA determined by quantitative real-
time RT-PCR 48 h after P-AscH™ treatment. MIA PaCa-2 cells treated with P-AscH™ had increased
expression relative to control and normalized to 18s expression, * p < 0.01, n = 3. Two-tailed Student’s
t-test was performed. (B) H6c7 cells showed no difference in EcSOD expression 48 h after P-AscH™
treatment (10 pmole/cell, 1 mM for 1 h), p = 0.09, n = 3. Two-tailed Student’s t-test was performed.

4. Summary

The role of EcSOD in cancer development and progression demonstrates several
themes. First, EcCSOD expression is typically lost in malignant transformation, and the
cause of loss often appears to be epigenetic, due to the aberrant methylation of the EcSOD
promoter. Secondly, reinstating EcSOD expression reduces the malignant phenotype,
including slowing cell growth and division, impairing their secretion of pro-angiogenic
factors, and inhibiting invasion. Reducing these malignant phenotypes by increasing
EcSOD with mimetics, porphyrins, or P-AscH™ is a promising strategy for cancer therapy
development. Our ability to understand how perturbations in EcSOD expression relates to
the development of cancer may facilitate our ability to detect and treat malignancies.

Funding: Supported by NIH grants P0O1CA217797 and T32 CA148062.
Data Availability Statement: All data are contained within the manuscript.

Conflicts of Interest: The authors have no conflict of interest to disclose.

References

1.

W

10.

Suzuki, Y.J.; Forman, H.J.; Sevanian, A. Oxidants as Stimulators of Signal Transduction. Free. Radic. Biol. Med. 1997, 22, 269-285.
[CrossRef]

Thannickal, V.J.; Fanburg, B.L. Reactive oxygen species in cell signaling. Am. J. Physiol. Cell. Mol. Physiol. 2000, 279, L1005-L1028.
[CrossRef] [PubMed]

Heyworth, P.G.; Cross, A.R.; Curnutte, ].T. Chronic granulomatous disease. Curr. Opin. Immunol. 2003, 15, 578-584. [CrossRef]
Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, J. Free radicals and antioxidants in normal physio-logical
functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44-84. [CrossRef]

Kinnula, V.L.; Crapo, J.D. Superoxide dismutases in malignant cells and human tumors. Free. Radic. Biol. Med. 2004, 36, 718-744.
[CrossRef] [PubMed]

Mccord, J.M.; Fridovich, I. Superoxide dismutase. An enzymic function for erythrocuprein (hemocuprein). J. Biol. Chem. 1969,
244, 6049-6055. [CrossRef]

Weisiger, R.A.; Fridovich, I. Mitochondrial superoxide simutase. Site of synthesis and intramitochondrial localization. J. Biol.
Chem. 1973, 248, 4793-4796. [CrossRef]

Marklund, S.L.; Holme, E.; Hellner, L. Superoxide dismutase in extracellular fluids. Clin. Chim. Acta 1982, 126, 41-51. [CrossRef]
Oberley, L.W.; Buettner, G. Role of superoxide dismutase in cancer: A review. Cancer Res. 1979, 39, 1141-1149.

Hendrickson, D.J.; Fisher, ].H.; Jones, C.; Ho, Y.-S. Regional localization of human extracellular superoxide dismutase gene to
4pter-q. Genomics 1990, 8, 736-738. [CrossRef]


http://doi.org/10.1016/S0891-5849(96)00275-4
http://doi.org/10.1152/ajplung.2000.279.6.L1005
http://www.ncbi.nlm.nih.gov/pubmed/11076791
http://doi.org/10.1016/S0952-7915(03)00109-2
http://doi.org/10.1016/j.biocel.2006.07.001
http://doi.org/10.1016/j.freeradbiomed.2003.12.010
http://www.ncbi.nlm.nih.gov/pubmed/14990352
http://doi.org/10.1016/S0021-9258(18)63504-5
http://doi.org/10.1016/S0021-9258(19)43735-6
http://doi.org/10.1016/0009-8981(82)90360-6
http://doi.org/10.1016/0888-7543(90)90264-U

Antioxidants 2021, 10, 1219 14 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zelko, LN.; Mariani, T.J.; Folz, R.]. Superoxide dismutase multigene family: A comparison of the CuZn-SOD (SOD1), Mn-SOD
(SOD2), and EC-SOD (SOD3) gene structures, evolution, and expression. Free Radic. Biol. Med. 2002, 33, 337-349. [CrossRef]
Marklund, S.L. Extracellular superoxide dismutase in human tissues and human cell lines. J. Clin. Investig. 1984, 74, 1398-1403.
[CrossRef] [PubMed]

Marklund, S.L. Extracellular superoxide dismutase and other superoxide dismutase isoenzymes in tissues from nine mamma-lian
species. Biochem. ]. 1984, 222, 649-655. [CrossRef]

Folz, R].; Crapo, ].D. Extracellular Superoxide Dismutase (SOD3): Tissue-Specific Expression, Genomic Characterization, and
Computer-Assisted Sequence Analysis of the Human EC SOD Gene. Genomics 1994, 22, 162-171. [CrossRef]

Uhlén, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjostedt, E.;
Asplund, A ; et al. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

The Human Protein Atlas. Available online: https://www.proteinatlas.org/ENSG00000109610-SOD3/tissue (accessed on 15
July 2021).

Sandstrom, J.; Carlsson, L.; Marklund, S.L.; Edlund, T. The heparin-binding domain of extracellular superoxide dismutase C and
formation of variants with reduced heparin affinity. J. Biol. Chem. 1992, 267, 18205-18209. [CrossRef]

Yan, Z.; Spaulding, H.R. Extracellular superoxide dismutase, a molecular transducer of health benefits of exercise. Redox Biol.
2020, 32, 101508. [CrossRef]

Sandstrom, J.; Nilsson, P.; Karlsson, K.; Marklund, S.L. 10-fold increase in human plasma extracellular superoxide dis-mutase
content caused by a mutation in heparin-binding domain. J. Biol. Chem. 1994, 269, 19163-19166. [CrossRef]

Karlsson, K.; Edlund, A.; Sandstrom, J.; Marklund, S.L. Proteolytic modification of the heparin-binding affinity of extra-cellular
superoxide dismutase. Biochem. . 1993, 290, 623-626. [CrossRef] [PubMed]

Sandstrom, J.; Karlsson, K.; Edlund, T.; Marklund, S.L. Heparin-affinity patterns and composition of extracellular super-oxide
dismutase in human plasma and tissues. Biochem. ]. 1993, 294, 853-857. [CrossRef] [PubMed]

Karlsson, K.; Sandstrém, J.; Edlund, A.; Marklund, S.L. Turnover of extracellular-superoxide dismutase in tissues. Lab. Investig.
1994, 70, 705-710. [PubMed]

Fukai, T.; Siegfried, M.R.; Ushio-Fukai, M.; Cheng, Y.; Kojda, G.; Harrison, D.G. Regulation of the vascular extracellular superoxide
dismutase by nitric oxide and exercise training. J. Clin. Investig. 2000, 105, 1631-1639. [CrossRef]

Fukai, T.; Siegfried, M.R.; Ushio-Fukai, M.; Griendling, K.K.; Harrison, D.G. Modulation of extracellular superoxide dis-mutase
expression by angiotensin II and hypertension. Circ. Res. 1999, 85, 23-28. [CrossRef]

Adachi, T.; Hara, H.; Yamada, H.; Yamazaki, N.; Yamamoto, M.; Sugiyama, T.; Futenma, A.; Katagiri, Y. Hepa-rin-stimulated
expression of extracellular-superoxide dismutase in human fibroblasts. Atherosclerosis 2001, 159, 307-312. [CrossRef]

Strélin, P.; Marklund, S.L. Multiple cytokines regulate the expression of extracellular superoxide dismutase in human vascular
smooth muscle cells. Atherosclerosis 2000, 151, 433-441. [CrossRef]

Strehlow, K.; Rotter, S.; Wassmann, S.; Adam, O.; Grohe, C.; Laufs, K.; Bohm, M.; Nickenig, G. Modulation of anti-oxidant enzyme
expression and function by estrogen. Circ. Res. 2003, 93, 170-177. [CrossRef]

Itoh, S.; Ozumi, K.; Kim, HW.; Nakagawa, O.; McKinney, R.D.; Folz, R.].; Zelko, L.N.; Ushio-Fukai, M.; Fukai, T. Novel mechanism
for regulation of extracellular SOD transcription and activity by copper: Role of antioxidant. Free. Radic. Biol. Med. 2009, 46,
95-104. [CrossRef]

Wang, X.L.; Adachi, T.; Sim, A.S.; Wilcken, D.E. Plasma extracellular superoxide dismutase levels in an Australian popu-lation
with coronary artery disease. Arterioscler. Thromb. Vasc. Biol. 1998, 18, 1915-1921. [CrossRef]

Gongora, M.C.; Qin, Z.; Laude, K.; Kim, HW.; McCann, L.; Folz, J.R.; Dikalov, S.; Fukai, T.; Harrison, D.G. Role of Extracellular
Superoxide Dismutase in Hypertension. Hypertension 2006, 48, 473-481. [CrossRef] [PubMed]

Jung, O.; Marklund, S.L.; Geiger, H.; Pedrazzini, T.; Busse, R.; Brandes, R.P. Extracellular superoxide dismutase is a major
determinant of nitric oxide bioavailability: In vivo and ex vivo evidence from ecSOD-deficient mice. Circ. Res. 2003, 93, 622-629.
[CrossRef] [PubMed]

Ahmed, M.N.; Zhang, Y.; Codipilly, C.; Zaghloul, N.; Patel, D.; Wolin, M.; Miller, E.J. Extracellular superoxide dis-mutase
overexpression can reverse the course of hypoxia-induced pulmonary hypertension. Mol. Med. 2012, 18, 38—46. [CrossRef]
Wedgwood, S.; Lakshminrusimha, S.; Fukai, T.; Russell, ].A.; Schumacker, P.T.; Steinhorn, R.H. Hydrogen Peroxide Regulates
Extracellular Superoxide Dismutase Activity and Expression in Neonatal Pulmonary Hypertension. Antioxid. Redox Signal. 2011,
15, 1497-1506. [CrossRef]

Yao, H.; Arunachalam, G.; Hwang, ].-W.; Chung, S.; Sundar, L.K; Kinnula, V.L.; Crapo, J.D.; Rahman, I. Extracellular superoxide
dismutase protects against pulmonary emphysema by attenuating oxidative fragmentation of ECM. Proc. Natl. Acad. Sci. USA
2010, 107, 15571-15576. [CrossRef]

Svensk, A.M.; Soini, Y.; Paakko, P.; Hiravikoski, P; Kinnula, V.L. Differential expression of superoxide dismutases in lung cancer.
Am. |. Clin. Pathol. 2004, 122, 395-404. [CrossRef] [PubMed]

Yoo, D.G.; Song, Y.J.; Cho, EJ.; Lee, SK,; Park, ].B.; Yu, ]. H.; Lim, S.P; Kim, ].M.; Jeon, B.H. Alteration of APE1/ref-1 expression in
non-small cell lung cancer: The implications of impaired extracellular superoxide dismutase and catalase anti-oxidant systems.
Lung Cancer 2008, 60, 277-284. [CrossRef]


http://doi.org/10.1016/S0891-5849(02)00905-X
http://doi.org/10.1172/JCI111550
http://www.ncbi.nlm.nih.gov/pubmed/6541229
http://doi.org/10.1042/bj2220649
http://doi.org/10.1006/geno.1994.1357
http://doi.org/10.1126/science.1260419
https://www.proteinatlas.org/ENSG00000109610-SOD3/tissue
http://doi.org/10.1016/S0021-9258(19)37173-X
http://doi.org/10.1016/j.redox.2020.101508
http://doi.org/10.1016/S0021-9258(17)32289-5
http://doi.org/10.1042/bj2900623
http://www.ncbi.nlm.nih.gov/pubmed/8452552
http://doi.org/10.1042/bj2940853
http://www.ncbi.nlm.nih.gov/pubmed/8379940
http://www.ncbi.nlm.nih.gov/pubmed/8196366
http://doi.org/10.1172/JCI9551
http://doi.org/10.1161/01.RES.85.1.23
http://doi.org/10.1016/S0021-9150(01)00512-3
http://doi.org/10.1016/S0021-9150(99)00427-X
http://doi.org/10.1161/01.RES.0000082334.17947.11
http://doi.org/10.1016/j.freeradbiomed.2008.09.039
http://doi.org/10.1161/01.ATV.18.12.1915
http://doi.org/10.1161/01.HYP.0000235682.47673.ab
http://www.ncbi.nlm.nih.gov/pubmed/16864745
http://doi.org/10.1161/01.RES.0000092140.81594.A8
http://www.ncbi.nlm.nih.gov/pubmed/12933702
http://doi.org/10.2119/molmed.2011.00339
http://doi.org/10.1089/ars.2010.3630
http://doi.org/10.1073/pnas.1007625107
http://doi.org/10.1309/A45QHB0QRRX6CT9A
http://www.ncbi.nlm.nih.gov/pubmed/15362370
http://doi.org/10.1016/j.lungcan.2007.10.015

Antioxidants 2021, 10, 1219 15 of 16

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Teoh-Fitzgerald, M.L.; Fitzgerald, M.P.; Jensen, T.J.; Futscher, B.W.; Domann, F.E. Genetic and Epigenetic Inactivation of
Extracellular Superoxide Dismutase Promotes an Invasive Phenotype in Human Lung Cancer by Disrupting ECM Homeostasis.
Mol. Cancer Res. 2012, 10, 40-51. [CrossRef] [PubMed]

Fitzgerald, M.P,; Zhong, W.; Askeland, R.W.; Domann, FE. Epigenetic reprogramming governs EcSOD expression during human
mammary epithelial cell differentiation, tumorigenesis and metastasis. Oncogene 2013, 33, 358-368. [CrossRef] [PubMed]
O’Leary, B.R.; Fath, M.; Bellizzi, A.; Hrabe, ].; Button, A.M.; Allen, B.; Case, A.; Altekruse, S.; Wagner, B.A.; Buettner, G.; et al. Loss
of SOD3 (EcSOD) Expression Promotes an Aggressive Phenotype in Human Pancreatic Ductal Adenocarcinoma. Clin. Cancer Res.
2015, 21, 1741-1751. [CrossRef] [PubMed]

Hubackova, M.; Vaclavikova, R.; Ehrlichova, M.; Mrhalova, M.; Kodet, R.; Kubackova, K.; Vrana, D.; Gut, I.; Soucek, P. Association
of superoxide dismutases and NAD(P)H quinone oxidoreductases with prognosis of patients with breast car-cinomas. Int. J.
Cancer 2012, 130, 338-348. [CrossRef] [PubMed]

Laatikainen, L.E.; Castellone, M.D.; Hebrant, A.; Hoste, C.; Cantisani, M.C.; Laurila, J.P.; Salvatore, G.; Salerno, P.; Basolo, F,;
Nasman, J.; et al. Extracellular superoxide dismutase is a thyroid dif-ferentiation marker down-regulated in cancer. Endocr. Relat.
Cancer 2010, 17, 785-796. [CrossRef] [PubMed]

Parascandolo, A.; Rappa, F.; Cappello, E; Kim, J.; Cantu, D.A.; Chen, H.; Mazzoccoli, G.; Hematti, P.; Castellone, M.D.; Salvatore,
M.; et al. Extracellular Superoxide Dismutase Expression in Papillary Thyroid Cancer Mesen-chymal Stem/Stromal Cells
Modulates Cancer Cell Growth and Migration. Sci. Rep. 2017, 7, 41416. [CrossRef]

Soini, Y.; Kallio, J.P.; Hirvikoski, P.; Helin, H.; Kellokumpu-Lehtinen, P.; Tammela, T.L.J.; Peltoniemi, M.; Martikainen, P.M.;
Kinnula, L.V. Antioxidant enzymes in renal cell carcinoma. Histol. Histopathol. 2006, 21, 157-165. [CrossRef] [PubMed]

Fattman, C.L.; Schaefer, L.M.; Oury, T.D. Extracellular superoxide dismutase in biology and medicine. Free. Radic. Biol. Med. 2003,
35, 236-256. [CrossRef]

Naushad, S.M.; Reddy, C.A.; Rupasree, Y.; Pavani, A.; Digumarti, R.R.; Gottumukkala, S.R.; Kuppusamy, P; Kutala, V.K. Cross-
Talk between One-Carbon Metabolism and Xenobiotic Metabolism: Implications on Oxidative DNA Damage and Susceptibility
to Breast Cancer. Cell Biochem. Biophys. 2011, 61, 715-723. [CrossRef] [PubMed]

Griess, B.; Klinkebiel, D.; Kueh, A.; Desler, M.; Cowan, K,; Fitzgerald, M.; Teoh-Fitzgerald, M. Association ofSOD3 promoter
DNA methylation with its down-regulation in breast carcinomas. Epigenetics 2020, 15, 1325-1335. [CrossRef]
Mohelnikova-Duchonova, B.; Marsakova, L.; Vrana, D.; Holcatova, I.; Ryska, M.; Smerhovsky, Z.; Slamova, A.; Schejbalova, M.;
Soucek, P. Superoxide dismutase and nicotinamide adenine dinucleotide phosphate: Quinone oxidoreductase polymorphisms
and pancreatic cancer risk. Pancreas 2011, 40, 72-78. [CrossRef] [PubMed]

Abe, M.; Xie, W.; Regan, M.M.; King, I.B.; Stampfer, M.].; Kantoff, PW.; Oh, W.K; Chan, ].M. Single-nucleotide polymorphisms
within the antioxidant defence system and associations with aggressive prostate cancer. BJU Int. 2010, 107, 126-134. [CrossRef]
[PubMed]

Kang, D.; Lee, K.-M.; Park, S.K.; Berndt, S.I.; Peters, U.; Reding, D.; Chatterjee, N.; Welch, R.; Chanock, S.; Huang, W.-Y.; et al.
Functional Variant of Manganese Superoxide Dismutase (SOD2 V16A) Polymorphism Is Associated with Prostate Cancer Risk in
the Prostate, Lung, Colorectal, and Ovarian Cancer Study. Cancer Epidemiol. Biomark. Prev. 2007, 16, 1581-1586. [CrossRef]
Rajaraman, P.; Hutchinson, A.; Rothman, N.; Black, PM.; Fine, H.A; Loeffler, ].S.; Selker, R.G.; Shapiro, W.R.; Linet, M.S.; Inskip,
P.D. Oxidative response gene polymorphisms and risk of adult brain tumors. Neuro-Oncology 2008, 10, 709-715. [CrossRef]

Du, J.; Nelson, E.S.; Simons, A.L.; Olney, K.E.; Moser, ].C.; Schrock, H.; Wagner, B.A.; Buettner, G.; Smith, B.J.; Teoh, M.L.; et al.
Regulation of pancreatic cancer growth by superoxide. Mol. Carcinog. 2012, 52, 555-567. [CrossRef]

Teoh, M.L.; Sun, W.; Smith, B.].; Oberley, L.W.; Cullen, J. Modulation of Reactive Oxygen Species in Pancreatic Cancer. Clin.
Cancer Res. 2007, 13, 7441-7450. [CrossRef]

Deng, X.; Ewton, D.Z.; Friedman, E. Mirk/Dyrk1B Maintains the Viability of Quiescent Pancreatic Cancer Cells by Reducing
Levels of Reactive Oxygen Species. Cancer Res. 2009, 69, 3317-3324. [CrossRef]

Sibenaller, Z.A.; Welsh, J.L.; Du, C.; Witmer, J.R.; Schrock, H.E.; Du, J.; Buettner, G.R.; Goswami, P.C.; Cieslak, J.A., 3rd; Cullen, ].].
Extracellular superoxide dismutase suppresses hypoxia-inducible factor-lalpha in pancreatic cancer. Free Radic. Biol. Med. 2014,
69, 357-366. [CrossRef] [PubMed]

Basu, A.; Drame, A.; Mufioz, R.; Gijsbers, R.; Debyser, Z.; De Leon, M.; Casiano, C.A. Pathway specific gene expression profiling
reveals oxidative stress genes potentially regulated by transcription co-activator LEDGF/p75 in prostate cancer cells. Prostate
2011, 72, 597-611. [CrossRef] [PubMed]

Chaiswing, L.; Zhong, W.; Cullen, J.; Oberley, L.W.; Oberley, T.D. Extracellular Redox State Regulates Features Associated with
Prostate Cancer Cell Invasion. Cancer Res. 2008, 68, 5820-5826. [CrossRef] [PubMed]

Teoh, M.L.T.; Fitzgerald, M.P; Oberley, L.W.; Domann, EE. Overexpression of Extracellular Superoxide Dismutase Attenuates
Heparanase Expression and Inhibits Breast Carcinoma Cell Growth and Invasion. Cancer Res. 2009, 69, 6355-6363. [CrossRef]
Golden, B.O.; Griess, B.; Mir, S.; Fitzgerald, M.; Kuperwasser, C.; Domann, F,; Teoh-Fitzgerald, M. Extracellular su-peroxide
dismutase inhibits hepatocyte growth factor-mediated breast cancer-fibroblast interactions. Oncotarget 2017, 8, 107390-107408.
[CrossRef]

Wheeler, M.D.; Smutney, O.M.; Samulski, R.J. Secretion of extracellular superoxide dismutase from muscle transduced with
recombinant adenovirus inhibits the growth of B16 melanomas in mice. Mol. Cancer Res. 2003, 1, 871-881.


http://doi.org/10.1158/1541-7786.MCR-11-0501
http://www.ncbi.nlm.nih.gov/pubmed/22064654
http://doi.org/10.1038/onc.2012.582
http://www.ncbi.nlm.nih.gov/pubmed/23318435
http://doi.org/10.1158/1078-0432.CCR-14-1959
http://www.ncbi.nlm.nih.gov/pubmed/25634994
http://doi.org/10.1002/ijc.26006
http://www.ncbi.nlm.nih.gov/pubmed/21351093
http://doi.org/10.1677/ERC-10-0021
http://www.ncbi.nlm.nih.gov/pubmed/20576801
http://doi.org/10.1038/srep41416
http://doi.org/10.14670/hh-21.157
http://www.ncbi.nlm.nih.gov/pubmed/16329040
http://doi.org/10.1016/S0891-5849(03)00275-2
http://doi.org/10.1007/s12013-011-9245-x
http://www.ncbi.nlm.nih.gov/pubmed/21792634
http://doi.org/10.1080/15592294.2020.1777666
http://doi.org/10.1097/MPA.0b013e3181f74ad7
http://www.ncbi.nlm.nih.gov/pubmed/20966810
http://doi.org/10.1111/j.1464-410X.2010.09344.x
http://www.ncbi.nlm.nih.gov/pubmed/20477822
http://doi.org/10.1158/1055-9965.EPI-07-0160
http://doi.org/10.1215/15228517-2008-037
http://doi.org/10.1002/mc.21891
http://doi.org/10.1158/1078-0432.CCR-07-0851
http://doi.org/10.1158/0008-5472.CAN-08-2903
http://doi.org/10.1016/j.freeradbiomed.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24509158
http://doi.org/10.1002/pros.21463
http://www.ncbi.nlm.nih.gov/pubmed/21796653
http://doi.org/10.1158/0008-5472.CAN-08-0162
http://www.ncbi.nlm.nih.gov/pubmed/18632636
http://doi.org/10.1158/0008-5472.CAN-09-1195
http://doi.org/10.18632/oncotarget.22379

Antioxidants 2021, 10, 1219 16 of 16

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Saed, G.M.; Ali-Fehmi, R; Jiang, Z.L.; Fletcher, N.M.; Diamond, M.P,; Abu-Soud, H.M.; Munkarah, A.R. Myeloperox-idase serves
as a redox switch that regulates apoptosis in epithelial ovarian cancer. Gynecol. Oncol. 2010, 116, 276-281. [CrossRef]

Jiang, Z.; Fletcher, N.M.; Ali-Fehmi, R.; Diamond, M.P.; Abu-Soud, H.M.; Munkarah, A.R.; Saed, G.M. Modulation of redox
signaling promotes apoptosis in epithelial ovarian cancer cells. Gynecol. Oncol. 2011, 122, 418—423. [CrossRef]

Messerli, S.M.; Schaefer, A.M.; Zhuang, Y.; Soltys, B.J.; Keime, N.; Jin, ].; Ma, L.; Hsia, C.].C.; Miskimins, W.K. Use of Antimetastatic
SOD3-Mimetic Albumin as a Primer in Triple Negative Breast Cancer. |. Oncol. 2019, 2019, 1-11. [CrossRef]

Saed, G.M.; Fletcher, N.M.; Jiang, Z.L.; Abu-Soud, H.M.; Diamond, M.P. Dichloroacetate Induces Apoptosis of Epithelial Ovarian
Cancer Cells Through a Mechanism Involving Modulation of Oxidative Stress. Reprod. Sci. 2011, 18, 1253-1261. [CrossRef]
Wang, C.-A.; Harrell, ].C.; Iwanaga, R.; Jedlicka, P.; Ford, H.L. Vascular endothelial growth factor C promotes breast cancer
progression via a novel antioxidant mechanism that involves regulation of superoxide dismutase. Breast Cancer Res. 2014, 16, 462.
[CrossRef]

Mira, E.; Carmona-Rodriguez, L.; Pérez-Villamil, B.; Casas, J.; Fernandez-Acefiero, M.].; Martinez-Rey, D.; Martin-Gonzalez,
P.; Heras-Murillo, I.; Cabezas, M.P.; Tardaguila, M.; et al. SOD3 improves the tumor response to chemotherapy by stabilizing
endothelial HIF-2x. Nat. Commun. 2018, 9, 575. [CrossRef] [PubMed]

Carmona-Rodriguez, L.; Martinez-Rey, D.; Fernandez-Acefiero, M.].; Gonzalez-Martin, A.; Cabezas, M.P.; Rodriguez-Rodriguez,
N.; Pérez-Villamil, B.; Sdez, M.E.; Diaz-Rubio, E.; Mira, E.; et al. SOD3 induces a HIF-2x-dependent program in endothelial cells
that provides a selective signal for tumor infiltration by T cells. J. Immunother. Cancer 2020, 8, €000432. [CrossRef] [PubMed]
Takenaga, M.; Igarashi, R.; Ochiai, A.; Mizushima, Y. Effect of lecithinized superoxide dismutase (PC-SOD) on experimental
pulmonary metastasis in mice. Free Radic. Biol. Med. 1999, 26, 1117-1125. [CrossRef]

Vickers, S.M.; MacMillan-Crow, L.A.; Green, M.; Ellis, C.; Thompson, J.A. Association of Increased Immunostaining for Inducible
Nitric Oxide Synthase and Nitrotyrosine With Fibroblast Growth Factor Transformation in Pancreatic Cancer. Arch. Surg. 1999,
134, 245-251. [CrossRef] [PubMed]

Kato, H.; Miyazaki, T.; Yoshikawa, M.; Nakajima, M.; Fukai, Y.; Tajima, K.; Masuda, N.; Tsutsumi, S.; Tsukada, K.; Nakajima,
T.; et al. Nitrotyrosine in esophageal squamous cell carcinoma and relevance to p53 expression. Cancer Lett. 2000, 153, 121-127.
[CrossRef]

Chatterjee, A.; Zhu, Y.; Tong, Q.; Kosmacek, E.A ; Lichter, E.Z.; Oberley-Deegan, R.E. The Addition of Manganese Porphyrins
during Radiation Inhibits Prostate Cancer Growth and Simultaneously Protects Normal Prostate Tissue from Radiation Damage.
Antioxidants 2018, 7, 21. [CrossRef] [PubMed]

Shrishrimal, S.; Kosmacek, E.A.; Chatterjee, A.; Tyson, M.]J.; Oberley-Deegan, R.E. The SOD Mimic, MnTE-2-PyP, Protects from
Chronic Fibrosis and Inflammation in Irradiated Normal Pelvic Tissues. Antioxidants 2017, 6, 87. [CrossRef] [PubMed]

Cline, ].M.; Dugan, G.; Bourland, J.D.; Perry, D.L.; Stitzel, ].D.; Weaver, A.A.; Jiang, C.; Tovmasyan, A.; Owzar, K.; Spasojevic,
L; et al. Post-Irradiation Treatment with a Superoxide Dismutase Mimic, MnTnHex-2-PyP>*, Mitigates Radiation Injury in the
Lungs of Non-Human Primates after Whole-Thorax Exposure to Ionizing Radiation. Antioxidants 2018, 7, 40. [CrossRef]
Anderson, C.M.; Lee, C.M.; Saunders, D.P; Curtis, A.; Dunlap, N.; Nangia, C.; Lee, A.S.; Gordon, S.M.; Kovoor, P.; Arevalo-Araujo,
R.; et al. Phase IIb, Randomized, Double-Blind Trial of GC4419 Versus Placebo to Reduce Severe Oral Mucositis Due to Concurrent
Radiotherapy and Cisplatin For Head and Neck Cancer. |. Clin. Oncol. 2019, 37, 3256-3265. [CrossRef]

Du, J.; Martin, S.M.; Levine, M.; Wagner, B.A.; Buettner, G.; Wang, S.-H.; Taghiyev, A.E; Du, C.; Knudson, C.M.; Cullen, ] .J.
Mechanisms of Ascorbate-Induced Cytotoxicity in Pancreatic Cancer. Clin. Cancer Res. 2010, 16, 509-520. [CrossRef] [PubMed]
Alexander, M.S.; Wilkes, J.G.; Schroeder, S.R.; Buettner, G.R.; Wagner, B.A.; Du, J.; Gibson-Corley, K.; O’Leary, B.R.; Spitz,
D.R.; Buatti, ].M.; et al. Pharmacologic Ascorbate Reduces Radiation-Induced Normal Tissue Toxicity and Enhances Tumor
Radiosensitization in Pancreatic Cancer. Cancer Res. 2018, 78, 6838-6851. [CrossRef]

Welsh, J.L.; Wagner, B.A.; van't Erve, T.J.; Zehr, P.S.; Berg, D.J.; Halfdanarson, T.R.; Yee, N.S.; Bodeker, K.L.; Du, J.; Roberts,
L.J., 2nd; et al. Pharmacological ascorbate with gemcitabine for the control of metastatic and node-positive pancreatic cancer
(PACMAN): Results from a phase I clinical trial. Cancer Chemother. Pharm. 2013, 71, 765-775. [CrossRef] [PubMed]

Alexander, M.S.; O’Leary, B.R.; Wilkes, ].G.; Gibson, A.R.; Wagner, B.A.; Du, ].; Sarsour, E.; Hwang, R.E,; Buettner, G.R.; Cullen, J.J.
Enhanced Pharmacological Ascorbate Oxidation Radiosensitizes Pancreatic Cancer. Radiat. Res. 2018, 191, 43-51. [CrossRef]
Batini¢-Haberle, I.; Reboucas, J.; Spasojevi¢, I. Superoxide Dismutase Mimics: Chemistry, Pharmacology, and Therapeutic
Potential. Antioxid. Redox Signal. 2010, 13, 877-918. [CrossRef]

Rawal, M.; Schroeder, S.R.; Wagner, B.A.; Cushing, C.; Welsh, J.L.; Button, A.; Du, J.; Sibenaller, Z.A.; Buettner, G.; Cullen, J.J.
Manganoporphyrins Increase Ascorbate-Induced Cytotoxicity by Enhancing HyO, Generation. Cancer Res. 2013, 73, 5232-5241.
[CrossRef] [PubMed]

Heer, C.D.; Davis, A.B.; Riffe, D.B.; Wagner, B.A_; Falls, K.C.; Allen, B.G.; Buettner, G.R.; Beardsley, R.A.; Riley, D.P.; Spitz, D.R.
Superoxide Dismutase Mimetic GC4419 Enhances the Oxidation of Pharmacological Ascorbate and Its Anticancer Effects in an
H202-Dependent Manner. Antioxidants 2018, 7, 18. [CrossRef] [PubMed]

Gibson, A.R.; O’Leary, B.R.; Du, J.; Sarsour, E.; Kalen, A.L.; Wagner, B.A.; Stolwijk, ] M.; Falls-Hubert, K.C.; Alexander, M.S.;
Carroll, R.S,; et al. Dual Oxidase-Induced Sustained Generation of Hydrogen Peroxide Contributes to Pharmacologic Ascorbate-
Induced Cytotoxicity. Cancer Res. 2020, 80, 1401-1413. [CrossRef]


http://doi.org/10.1016/j.ygyno.2009.11.004
http://doi.org/10.1016/j.ygyno.2011.04.051
http://doi.org/10.1155/2019/3253696
http://doi.org/10.1177/1933719111411731
http://doi.org/10.1186/s13058-014-0462-2
http://doi.org/10.1038/s41467-018-03079-1
http://www.ncbi.nlm.nih.gov/pubmed/29422508
http://doi.org/10.1136/jitc-2019-000432
http://www.ncbi.nlm.nih.gov/pubmed/32591431
http://doi.org/10.1016/S0891-5849(98)00301-3
http://doi.org/10.1001/archsurg.134.3.245
http://www.ncbi.nlm.nih.gov/pubmed/10088562
http://doi.org/10.1016/S0304-3835(00)00358-X
http://doi.org/10.3390/antiox7010021
http://www.ncbi.nlm.nih.gov/pubmed/29370088
http://doi.org/10.3390/antiox6040087
http://www.ncbi.nlm.nih.gov/pubmed/29113120
http://doi.org/10.3390/antiox7030040
http://doi.org/10.1200/JCO.19.01507
http://doi.org/10.1158/1078-0432.CCR-09-1713
http://www.ncbi.nlm.nih.gov/pubmed/20068072
http://doi.org/10.1158/0008-5472.CAN-18-1680
http://doi.org/10.1007/s00280-013-2070-8
http://www.ncbi.nlm.nih.gov/pubmed/23381814
http://doi.org/10.1667/RR15189.1
http://doi.org/10.1089/ars.2009.2876
http://doi.org/10.1158/0008-5472.CAN-13-0470
http://www.ncbi.nlm.nih.gov/pubmed/23764544
http://doi.org/10.3390/antiox7010018
http://www.ncbi.nlm.nih.gov/pubmed/29351198
http://doi.org/10.1158/0008-5472.CAN-19-3094

	Reactive Oxygen Species (ROS) 
	EcSOD 
	EcSOD Expression 
	EcSOD and Disease 
	EcSOD and Cancer 
	Hypermethylation of EcSOD 
	Single Nucleotide Polymorphisms 
	Phenotypic Effects of EcSOD Expression 

	SOD Mimetics in Cancer Therapy 
	Summary 
	References

