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Abstract

The tumor microenvironment is a complex system that involves the interaction between malignant and neighbor
stromal cells embedded in a mesh of extracellular matrix (ECM) components. Stromal cells (fibroblasts, endothelial,
and inflammatory cells) are co-opted at different stages to help malignant cells invade the surrounding ECM and
disseminate. Malignant cells have developed adaptive mechanisms to survive under the extreme conditions of the
tumor microenvironment such as restricted oxygen supply (hypoxia), nutrient deprivation, and a prooxidant state
among others. These conditions could be eventually used to target drugs that will be activated specifically in this
microenvironment. Preclinical studies have shown that modulating cellular/tissue redox state by different gene
therapy (GT) approaches was able to control tumor growth. In this review, we describe the most relevant features
of the tumor microenvironment, addressing reactive oxygen species-generating sources that promote a proox-
idative microenvironment inside the tumor mass. We describe different GT approaches that promote either a
decreased or exacerbated prooxidative microenvironment, and those that make use of the differential levels of ROS
between cancer and normal cells to achieve tumor growth inhibition. Antioxid. Redox Signal. 00, 000–000.
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I. The Tumor Microenvironment

The tumor microenvironment is an intricate niche that
consists of multiple cell types, supportive matrix, and

soluble factors produced during malignant progression (120).
Malignant cells initiate tumors and drive tumor progression
by recruiting neighbor normal cells such as fibroblasts, im-
mune cells, and vasculature-associated cells, which will help
producing the tumor-associated stroma. The three-dimen-
sional organization and architecture of a tumor mass are
provided by the extracellular matrix (ECM), which not only
functions as a structural support but also contributes to the
dynamics of the tumor microenvironment (301). Indeed, the
ECM is a reservoir of fibrillar proteins, glycoproteins, pro-
teoglycans, cytokines, and growth factors (192). Reciprocal
interaction between cancer and stromal cells and the struc-
tural components of ECM regulates all the aspects of tumor-
igenicity (27, 67, 245, 301). The unlimited self-renewal
capacity of malignant cells is not enough for a neoplastic tis-

sue expansion, since there is a need for induced cellular pro-
grams to augment blood flow, oxygenation, metabolism, as
well as programs that favor remodeling of the ECM and tu-
mor progression (36, 39, 301). In this section, we will describe
malignant and stromal cells, ECM components, and the main
characteristics of the tumor microenvironment. Further, in
section II, we will analyze how these components contribute
to the prooxidant tumor state.

A. Tumor microenvironment components

1. Malignant cells. Malignant cells harbor the genetic
alterations that define cancer as a genetic disease. These ge-
netic alterations involve single mutations and amplification or
loss of large regions of the genome (6, 327). Dominant gain of
function (oncogenes) and recessive loss of function (tumor
suppressor genes) are the gatekeeper genes that stand at the
root of the initiation of neoplastic growth. The large diversity
of mutated genes that exists in cancer cells (6, 327) finally
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affects intrinsic cellular programs, such as cell cycle check-
point controls, programmed cell death (PCD), differentiation,
metabolism, and cell adhesion, which underlie cancer pro-
gression. Cancer exhibits a wide genetic heterogeneity, not
only among tumors of different origins but also within the
same tumor type. This heterogeneity was historically dem-
onstrated through the expression of tumor-associated anti-
gens and more recently, by advanced genome-sequencing
techniques. For instance, cancer cells microdissected from
different sections of the same tumor samples showed genetic
heterogeneity (120). Thus, subpopulations of cancer cells can
be defined as having distinct and complementary capabilities
to enhance tumor growth (120).

In recent years, accumulated evidence suggests the pres-
ence of a subclass of hierarchical neoplastic cells within tu-
mors, termed as cancer stem cells (CSCs). CSCs were initially
identified in hematopoietic malignancies and later in solid
tumors, in particular breast, neuroectodermal, pancreatic, and
colorectal cancer (120). CSCs are defined operationally by
their ability to efficiently seed new tumors upon inoculation
in host immunodeficient mice (120). Additionally, CSCs ex-
press surface markers typically associated with normal stem
cells such as CD44 and CD24 (63). Experimental evidence
suggests that CSCs have plastic states governed by micro-
environmental conditions, such as hypoxia (37, 186), and
hold a key role in the regulation of tumor angiogenesis (36,
37, 246). Moreover, recent reports link the resistance to
conventional therapies and the metastatic potential to the
CSC population (82).

2. Tumor-associated stromal cells. A diverse population
of normal or genetically stable cells (currently in discussion)
(35) is associated with cancer cells to conform the stromal
compartment. Thus, fibroblasts, vasculature-associated cells,
immune cells, stem progenitor cells, and other specialized
mesenchymal cells support tumor growth and dissemination
(F1 c Fig. 1A) by inducing different intracellular programs (Fig.
1B), building together the tumor microenvironment. In sec-
tion II.D, we will discuss how stromal cells may contribute to
the generation of a prooxidant tumor microenvironment.

a. Fibroblasts. Fibroblasts constitute the predominant cell
type in the stroma of most human tumors and are mainly
responsible for secreting ECM components, including colla-
gens, structural proteoglycans, proteolytic enzymes, their in-
hibitors, and various growth factors (301). Tumor fibroblasts
adopt a myofibroblastic phenotype and are called cancer- or
tumor-associated fibroblasts (CAFs or TAFs). They typically
exhibit a higher proliferative index, as compared with normal
fibroblasts, and they often express a-smooth muscle actin, fi-
broblast activation protein, the membrane glycoprotein Thy-
1, desmin protein, S100 calcium-binding protein A4 (S100A4),
and others (301, 335, 337). Moreover, they are commonly
surrounded by a dense accumulation of fibrillar collagen
(301). Although still under controversy, it seems that CAFs
originate from diverse sources, such as genetic alteration of
normal fibroblasts, from epithelial cells through epithelial–
mesenchymal transition (EMT), from endothelial cells (ECs)
through endothelial-to-mesenchymal transition, and from
bone marrow-derived mesenchymal cells (335, 337). In addi-
tion, to synthesize ECM components, CAFs also secrete fac-
tors that promote tumorigenesis, including proteinases (203).

FIG. 1. Cellular components of the tumor microenviron-
ment. (A) Representation of distinct cell types present in
solid tumors. (B) Cross-talk between cellular components
(represented by arrows) promotes tumor growth and dis-
semination (to see this illustration in color, the reader is
referred to the Web version of this article at www
.liebertonline.com/ars). B, B cell lymphocyte; BM-SPC, bone
marrow-derived stromal progenitor cell; BM-SSC, bone
marrow-derived stromal stem cell; BV, blood vessel; CAF,
cancer-associated fibroblast; CSC, cancer stem cell; DC,
dendritic cell; EC, endothelial cell; ECM, extracellular matrix;
Inv CC, invasive cancer cell; LV, lymphatic vessel; MC, mast
cell; NK, natural killer, P, pericyte; PMN, polymorphonu-
clear leukocyte; RBC, red blood cell; TAM, tumor-associated
macrophage; T CD4 + , T CD4 + cell lymphocyte; T CD8 + , T
CD8 + cell lymphocyte.
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For instance, matrix metalloproteinases (MMPs) promote
ECM degradation facilitating cell migration; chemokines re-
cruit neighbor cells that secrete proangiogenic factors; and
growth factors promote malignant cell growth (335, 337).
Recently, it was proposed that CAFs and cancer cells or-
chestrate a tumor–stroma coevolution through the generation
of reactive oxygen species (ROS) (discussed in section II.D.1).
Thus, CAFs are not by far passive cells within the tumor mass,
but rather they are active drivers of tumor progression and
metastasis.

b. Tumor vasculature-associated cells. The tumor vascula-
ture-associated cells are one of the major stromal constituents.
ECs have a critical role in the formation of new vessels, and
marked differences were observed between tumor-associated
ECs compared to those present in normal tissues (35, 36, 182).
Tumor ECs show an activated phenotype characterized by the
ability to degrade the basement membrane and the sur-
rounding ECM. ECs express cell surface receptors for the
adhesion to the different ECMs, to circulating leukocytes, and
for angiogenic growth factors absent or barely detectable in
normal blood vessels (35, 36, 182). Among cell surface re-
ceptors produced by ECs are the vascular endothelial growth
factor (VEGF) receptors, VE-cadherins, Jagged 1, angiopoietin
receptor tie-2, ICAM-1, E-selectin, and Muc-18, which in some
cases have been identified as markers of prognostic value (35).
Many recent studies revealed the genetic instability of these
cells, raising doubts regarding the real efficacy of the myriad
of antiangiogenic therapies that assume the genetic stability of
tumor ECs (35). Moreover, malignant cells can transfer the
genetic material through exosomes and microvesicles to ECs,
inducing additional epigenetic changes (36). Other cell types
are recruited to the new vessels to support the hydrostatic
pressure of blood flow. These mural cells are vascular smooth
muscle in larger-caliber vessels (venules, veins, arterioles, and
arteries) and pericytes in the capillary context (106). Tumor
pericytes present multiple abnormalities, including loss of
association with the vessel wall, impaired support of endo-
thelial function, and altered protein expression (106, 224).

c. Inflammatory cells. Inflammatory cells are the most het-
erogeneous population in the tumor microenvironment (21,
67, 144). Different leukocyte profiles and variations in their
state of maturation and/or activation can be found inside the
tumor mass. Thus, the evaluation of the tumor immune in-
filtrate is extremely complex, both in terms of cell type and
role (144). Clinical and experimental data indicate that mac-
rophages, mast cells (MCs), neutrophils, eosinophils, den-
dritic cells (DCs), and T and B lymphocytes are actively
recruited within the tumor mass by chemokines produced by
neoplastic and tumor-associated stromal cells (Fig. 1B).

Macrophages are the major component of the infiltrate of
most tumors and have served as a paradigm for cancer-
associated inflammatory response (9, 21, 208, 280). Macro-
phages differentiate into two distinct types, identified as M1
(or classically activated) and M2 (or alternatively activated)
(209). In general, M1 macrophages act as soldiers and fight
against tumors, producing high amounts of inflammatory
cytokines and activating the antitumor immune response.
Instead, M2 cells promote angiogenesis (280, 281), remodel-
ing, and repair of wounded or damaged tissues. Tumor-
associated macrophages (TAMs) exhibit an M2 phenotype
showing mostly protumoral functions (9, 209). MCs are often

abundant within the inflammatory infiltrate and are found in
close association with blood vessels. They are co-opted by the
malignant cells to promote angiogenesis and lymphangio-
genesis and ECM remodeling to facilitate metastatic dissem-
ination (202). In addition, MCs can modulate the immune
response by dampening immune rejection or directing im-
mune cell recruitment, depending on local stimuli (202). Eo-
sinophils are also ubiquitous leukocytic infiltrate of solid
tumors (180). Although eosinophils tend to accumulate in
necrosis or remodeling areas, reports indicate large differ-
ences in the amount of infiltrating eosinophils, both among
different tumor types and within a given tumor type (180).
Neutrophils are commonly found within the tumor micro-
environment and were historically considered a means of
host defense against cancer; however, their presence in most
cases is associated with a poor clinical outcome (117, 128). A
recent study by Fridlender et al. suggested that neutrophils
may exhibit a unique polarization state (N1 or N2) that
dictates their impact within the tumor microenvironment.
N1-type neutrophils are capable of killing tumor cells,
whereas N2 cells promote tumor growth, and recruitment of
either cell type is under the regulation of transforming
growth factor-b (TGF-b) (102). Recent evidence from our
group has also shown that the matricellular secreted protein
acidic and rich in cysteine (SPARC) can induce the recruit-
ment of protumorigenic or antitumorigenic neutrophils and
regulate their antitumor cytotoxic capacity (8). Interestingly,
SPARC and TGF-b have been shown to transcriptionally
regulate one each other expression (192). Natural killers
(NKs) are another important inflammatory cell type that
greatly infiltrates the tumor microenvironment. NKs are
known by their capacity to directly eliminate tumor cells
in vitro. However, NKs that infiltrate the tumor in vivo do not
appear to make direct contact with malignant cells, but ra-
ther reside in the tumor stroma, raising the question whether
a lack of direct contact might hamper their capacity to
eliminate tumor cells (7).

Among the adaptive immune response, activated CD8 +
or cytotoxic lymphocytes (CTLs) play a well-defined anti-
tumor role in cancer progression by directly eliminating
malignant cells (76). In contrast, the role of CD4 + T helper
(TH) in tumor progression is more paradoxical (76). Classi-
cally, CD4 + T lymphocyte subsets include TH1 and TH2
lineages. The TH1 lineage can directly and indirectly regu-
late antitumor programs that restrain cancer development.
In contrast, the TH2 lineage alters adaptive immunity by
inducing T cell anergy, inhibiting T cell-mediated cytotox-
icity, as well as fostering humoral immune responses di-
rected by B cells (76). In addition to the TH1-versus-TH2
paradigm, CD4 + -derived lineages have been recently ex-
panded to include a proinflammatory antitumor TH17 re-
sponse versus CD4 + FoxP3 + T regulatory cells, whose
presence often correlates with poor prognosis (76). B lym-
phocytes and humoral immunity can also modulate solid
tumor development, for instance, regulating pathways in-
volved in secretion of anti-inflammatory cytokines (inter-
leukin [IL] 10 and TGF-b), inhibition of CTL activity,
perturbation of TH1/TH2 CD4 + T cell lineages, as well as
differential recruitment and activation of innate immune
cells (76). Antigen-presenting DCs have a crucial role in both
the activation of antigen-specific immunity and the mainte-
nance of tolerance, providing a link between innate and
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adaptive immunity. As it has been extensively reviewed,
mechanisms of inadequate DC function result in tumor es-
cape from immune surveillance (199).

3. Extracellular matrix. The ECM acts homeostatically to
mediate communication between cells, contributing to sur-
vival and differentiation. By this interaction, it provides rel-
evant microenvironmental information, biochemically
through soluble and insoluble mediators, and physically
through imposition of structural and mechanical constraints
(247). Considering their structure and function, the proteins
within the ECM can be divided into several classes. The
structural ECM proteins consist primarily of the collagen and
elastin families that strengthen and organize the matrix.
Proteins such as fibronectin, laminin, and tenascin play an
adhesive or integral role within the ECM matrix. Other pro-
teins without structural role, called matricellular proteins,
are generally involved in the modulation of the adhesive state
of cells with implications in malignant dissemination (28).
Finally, numerous proteoglycan- and heparan sulfate
(HS)-containing proteins form the highly hydrated gel-like
mixture that helps to stabilize the matrix within its aqueous
environment.

It has long been known that the tumor-derived ECM is
biochemically and biomechanically distinct in its properties
compared to a normal ECM. Increased ECM deposition with a
high content of type I collagen and fibronectin has been ob-
served in tumors, which increases the tumor and the sur-
rounding tissue stiffness compared to normal tissues (252).
Other ECM proteins, such as tenascin, decorin, fibromodulin,
SPARC, lumican, and osteopontin, have also been shown to
be involved in tumor development, modifying both bio-
chemical and biomechanical properties of the tumor ECM (15,
133, 163, 233).

Beyond structural or biomechanical function, the ECM
plays a key role in the modulation of malignant processes (68).
For instance, increased production of fibroblast-derived fi-
bronectin (153) was observed in metastatic target organs after
orthotopic tumor implant, suggesting that tumor-secreted
factors can impact in neighbor stromal cells to secrete tumor-
supportive ECM proteins.

B. Tumor microenvironmental characteristics

1. Hypoxia

a. General characteristics. Hypoxia is a general term used to
describe an oxygenation state that is below the normal O2

levels for a particular tissue. Most mammalian tissues exist at
2%–9% O2 (on average 40 mmHg), and hypoxia and severe
hypoxia (or anoxia) are usually defined as £ 2% O2 and
£ 0.02% O2, respectively (26). The existence of hypoxic cells
within the tumors was suggested very early by Thomlinson
and Gray (300) and confirmed in the later decades of the 20th
century with the development of precise techniques for
measuring O2 levels (26, 50, 332). Tumor hypoxia is generally
attributed to chaotic and poorly organized blood vessels
within the cancerous tissues (104, 251). O2 diffuse just
*200 lm, thus malignant cells beyond this diffusion distance
from capillary vessels, will shoot angiogenesis-signaling
programs (25). Although chronic hypoxia exists in tumor re-
gions beyond the diffusion distance of oxygen, cycling or in-
termittent hypoxia can also arise from transient fluctuations in

tumor perfusion (79, 80, 213, 251). These fluctuations have
been attributed to changes in erythrocyte flux, perfusion, and
during the development of newer vascular network. Imaging
of cycling hypoxia in the tumor mass can provide capabilities
to help planning appropriate treatments by taking into con-
sideration the magnitude and frequency of oxygen level
fluctuations (213).

Tumor responds to hypoxia not only by promoting an-
giogenesis or vasculogenesis to offset the oxygen deficit but
also by triggering the anabolic switch in central metabolism
(31, 33, 78, 332). Furthermore, hypoxia enhances EMT, inva-
siveness, and metastasis (33, 64, 141, 196), and also has a key
role in stem cell regulation (155, 214, 220). Tumor hypoxia has
been extensively explored as a cancer target (34, 276, 332).
Nowadays, hypoxia and particularly cycling hypoxia are also
receiving increased attention (204) because of the significant
influence on tumor aggressiveness (314) and resistance to
treatment. (80, 213, 332).

b. Molecular control of hypoxia. Fast proliferating cells
growing within the tumor limit O2 diffusion from their vas-
cular network and trigger the tumor response to hypoxia (33,
78, 201, 318), by activating broad-action transcription factors
named hypoxia-inducible factors (HIFs) (201, 264). HIFs are
the master regulators of oxygen homeostasis and play a role in
disease pathogenesis as cancer. HIFs are obligate hetero-
dimers composed of an O2-labile a-subunit and a stable b-
subunit. HIFa subunits heterodimerize with the stable HIF1b
(also known as aryl hydrocarbon translocator) and recognize
and bind to hypoxia-response elements in the promoter of
hundreds of genes (328) ( b F2Fig. 2).

Solid tumors often exhibit high levels of the HIF1a iso-
form, and this expression correlates with poor clinical
prognosis in many cancer types (26, 276, 332). Under nor-
moxia, HIF1a is hydroxylated at conserved proline residues
(Pro-402 and Pro-564) by prolyl hydroxylases (PHDs), whose
activities are regulated by O2 availability (149, 201) (Fig. 2).
Hydroxylated HIF1a is, in turn, recognized and marked by
an E3 ubiquitin ligase, von Hippel-Lindau protein, which
targets HIF1a for proteosomal degradation (148, 201) (Fig. 2).
Under hypoxia, PHD activity is diminished, and HIF1a is
stabilized, and migrates to the nucleus. HIF1a dimerizes
with HIF1b, and the heterodimer interacts with coactivators
CREB-binding protein /p300 and induces transcription of
genes that fall into four major categories: glucose trans-
porters and glycolysis; angiogenesis; cell survival and pro-
liferation; and invasion and metastasis (33, 34, 78, 79, 196,
264, 318) (Fig. 2). A list of additional cues modulates the HIF
pathways such as oncogenic signals (39, 149, 171, 261, 328,
356), histone deacetylases (149, 328, 356), and microRNAs
(miRNAs) (118, 179, 320, 340). ROS also have a key role in the
regulation of HIF1 that will be discussed in sections II.C.2
and II.D.4.

2. Tumor angiogenesis

a. General characteristics. The tumor-associated neovascu-
lature emerged as a critical adaptation of the tumor for
growing beyond a certain limit and has indeed become a
hallmark of cancer (120). Initially, most tumor masses grow
avascular, but when the tumor exceeds 2–3 mm3 in volume, a
new blood vasculature develops to ensure influx of oxygen
and nutrients.
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FIG. 2. The angiogenic switch and the hypoxia connection. The angiogenic switch can occur in early avascular tumors or
at different stages in tumor development. The angiogenic process is directed by several pro- and antiangiogenic factors,
including several miRNAs. *Proangiogenic factors: VEGF, PDGF, MMPs, Ang, aFGF, bFGF, TNF-a, TGF-a, PAI, UPAR,
integrin avb/avb5, IL-8, angiogenin, miR17-92 cluster, miR-126, miR-296, miR130a, and miR-143-145 (162). **Antiangiogenic
factors: TIMPs, IL-4, IL-12, IL-18, IFN-a, IFN-b, IFN-c, angiostatin, endostatin, platelet factor 4, miR-221/222, miR-15a-16-1,
and miR-122 (162). Hypoxia is one of the best-characterized stimuli that trigger angiogenesis, mainly orchestrated by the
master HIFs transcription factor. HIFs are heterodimers between the HIFa proteins and the HIFb proteins. Under normoxic
conditions, HIF1a is hydroxylated by PHDs, whose activities are regulated by O2 and 2-oxoglutarate availability among
others. Hydroxylated HIF1a is recognized and marked by an E3 ubiquitin ligase, pVHL, which targets HIF1a for proteasomal
degradation. Under hypoxic conditions, PHD activity is diminished, and HIF1a is stabilized, migrates to the nucleus, and
dimerizes with HIF1b. The heterodimer interacts with different coactivators or TF and induces transcription of genes that
regulate key aspects of tumorigenesis, including angiogenesis, metabolism, proliferation, invasion, and metastasis ***(182) (to
see this illustration in color, the reader is referred to the Web version of this article at www.liebertonline.com/ars). ALDA,
aldolase A; ANG-1, angiopoietin 1; ANG-2, angiopoietin 2; CCND1, cyclin D1; CTGF, connective tissue growth factor;
CXCR4, C-X-C chemokine receptor type 4; ENO1, enolase 1; EPO, erythropoietin; FGF, fibroblast growth factor; FLT-1, VEGF
receptor 1; FLK-1, VEGF receptor 2; GLUT, glucose transporter; HIF, hypoxia-inducible factor; HK, hexokinase; IFN, inter-
feron; IGF-2, insulin growth factor-2; IGF-BP2, IGF-factor-binding protein 2; IL, interleukin; LDHA, lactate dehydrogenase A;
LOX, lysyl oxidase; miRNA, micro-RNA; MMP, matrix metalloproteinase; MXI-1, max interactor 1; PAI-1, plasminogen
activator inhibitor-1; PDGF-B, platelet-derived growth factor-B; PDK1, pyruvate dehydrogenase kinase 1; PFKL, phospho-
fructokinase L; PGK1, phosphoglycerate kinase 1; PHDs, prolyl hydroxylases; pVHL, von Hippel-Lindau protein; SDF-1,
stromal-derived factor 1; TF, transcription factors; TGF-a, transforming growth factor-a; TIE-2, angiopoietin receptor 2; TIMP,
thrombospondin; TNF-a, tumor necrosis factor-a; UPAR, urokinase plasminogen activator receptor; VEGF, vascular endo-
thelial growth factor.
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Tumor vessels generally grow from the pre-existing vas-
culature by a process known as angiogenesis (41, 100). Mo-
bilization of bone marrow endothelial progenitor cells (EPCs)
to the tumor and formation of new vessels have also been
described (182).

The vessel neoformation in tumors can be triggered by
different stimuli, like hypoxia, acidosis, mechanical stress,
genetic mutations, or inflammatory processes (41). Pro- and
antiangiogenic factors can be secreted by malignant, stromal,
and infiltrating bone marrow-derived cells (41). Angiogenesis
occurs through a process called angiogenic switch, in which
either the secretion of proangiogenic factors is increased, or
the production of endogenous antiangiogenic factors is re-
duced (25) (Fig. 2). The onset of angiogenesis or the angio-
genic switch can occur already in premalignant lesions (260)
and at any stage of tumor progression (25). In contrast with
normal tissues, tumor angiogenesis results from a deregu-
lated balance of pro- and antiangiogenic factors in their tem-
poral and spatial expression (Fig. 2). Thus, tumor vasculature
is characterized by an abnormal vascular structure, EC–peri-
cyte interactions, permeability, and blood flow (25, 122, 242).
Tumor vessels can grow by different patterns, mostly
sprouting and also intussusception, the co-option of existing
vessels, and incorporation of bone marrow EPCs. (41, 182).
However, the contribution of EPCs to the development of
tumor vasculature is controversial mainly because of the lack
of a bona fide molecular signature that defines EPCs (331). In
addition, certain tumor types are also able to form a vascu-
lature-like system using its own tumor cells through a mim-
icry process (86, 99).

b. Molecular control. In the past decades, a plethora of pro-
and antiangiogenic factors that regulate tumor angiogenesis
have been identified (5, 25, 41). Many stimuli, including
hypoxia, growth factors, cytokines, and oxidative stress, can
increase the expression of VEGF in tumor cells, which is cor-
related with increased microvessel counts and poor prognosis
in many human cancers. VEGF-A is the major regulator of
physiological and pathological angiogenesis (5, 25). This fac-
tor plays a critical role in tumor angiogenesis, not only
through its effect on ECs but also through mobilization of
bone marrow-derived EPCs (259). VEGF-A belongs to a gene
family that includes placental growth factor (PlGF), VEGF-B,
VEGF-C, VEGF-D, VEGF-E, which bind with varying speci-
ficities and affinities to VEGF receptors (VEGFRs). This family
of receptors is composed by VEGFR 1, 2, and 3 (5). VEGF-A
regulates vessel morphogenesis through VEGFR1 and
VEGFR2, and proliferation of ECs through VEGFR2. VEGF-B,
C, and D contribute to tumor angiogenesis by binding to
VEGFR2 and 3. In addition, VEGF-C and VEGF-D were
identified as lymphatic endothelial factors, acting mainly via
VEGFR3 (5).

Angiopoietins are members of another family of growth
factors that play essential roles in modulating the activation
status of ECs (5). Angiopoietin-1 (ANG-1) induces the final
maturation of blood vessels. The activation of Tie2 receptor by
ANG-1 mediates remodeling and stabilization of cell–cell and
cell–matrix interactions. Moreover, ANG-1 plays a role in the
recruitment of pericytes to the nascent vessels (217). ANG-1 or
PlGF can also provide survival signals, and rescue immature
blood vessel in the absence of VEGF (25). Platelet-derived
growth factor (PDGF) and fibroblast growth factor also

stimulate neovascularization in various angiogenesis and
animal disease models, supporting their cooperative role in
tumor angiogenesis and metastasis (40).

A large number of endogenous antiangiogenic factors have
been also functionally characterized. For instance, specific
fragments of structural proteins that includes collagen, plas-
minogen, or ECM glycoproteins (angiostatin, endostatin,
tumstatin, and trombospondin-1) or soluble factors like in-
terferon c and b were characterized. Antiangiogenic factors
have been extensively studied during the last decade for their
therapeutic value, and more than 40 of them entered clinical
trials (5, 25, 41, 272).

3. Tumor metabolism

a. General characteristics. Cancer cells have to reprogram
their metabolism to provide the support for the basic needs of
proliferating cells: rapid ATP generation and increased bio-
synthesis of macromolecules (39, 74, 171, 183). The best-
characterized metabolic phenotype in cancer cells is the
switch of ATP production from oxidative phosphorylation
(OXPHOS) to glycolysis, even in the presence of oxygen (39,
74, 168, 171, 183, 323) ( b F3Fig. 3). This metabolic switch was
identified about 60 years ago by Otto Warburg (168, 323),
and is known as the Warburg effect. To compensate the low
efficiency of glycolysis in generating ATP, malignant cells
increase glucose uptake to abnormally high levels (39),
which became the basis for using the glucose analog 2-(18F)-
fluoro-2-deoxy-d-glucose for positron-emission tomography
tumor imaging. While the initial explanation to the Warburg
effect was the malfunctioning of the mitochondrial respira-
tory chain, numerous reports demonstrated that mitochon-
dria are indeed functional in most malignant cells (39).
Current explanation suggests that this apparent wasteful
form of metabolism constitutes an advantage for tumor
growth, allowing cancer cells to obtain ATP in a faster way
than by OXPHOS. Glycolysis intermediates are used for
anabolic reactions in proliferating malignant cells. Thus,
glucose-6P is a substrate to the pentose phosphate pathway
for nucleotide synthesis, and pyruvate is a substrate to the
tricarboxylic acid (TCA) cycle that generates precursors for
lipid, amino acid, and nucleotide synthesis (39, 74, 261) (Fig.
3). The last step of glycolysis that involves the conversion of
phosphoenol pyruvate into pyruvate is often slowed in
malignant cells mainly due to the fact that the fetal isoform of
pyruvate kinase (PKM2) is usually found in an inactive state
(39, 58, 215) (Fig. 3). As a consequence, malignant cells often
use amino acids, such as glutamine, to generate a-ketoglu-
tarate (aKG), which can be metabolized through the TCA
cycle to regenerate oxaloacetate (39) (Fig. 3). This phenom-
enon has been termed a truncated TCA or Krebs cycle (18).
On the other hand, different mutations in the enzymatic
components of TCA cycle are also associated with tumor
growth (261).

Although many tumors utilize glycolysis as the principal
source of energy, others produce ATP by OXPHOS (105, 146,
222). Recently, it was postulated that waves of gene regulation
would suppress and then restore OXPHOS in cancer cells
during tumorigenesis ( b F7Fig. 7 b AU3) that can alter metabolic ROS
generation (see section II.D.4). It can be hypothesized that the
switch between glycolysis and OXPHOS could be an adaptive
mechanism of energy production to microenvironmental
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changes, such as hypoxia, differences in tumor energetics, and
biosynthetic requirements.

b. Molecular control. Numerous studies have identified a
series of molecular changes responsible for cancer metabolic
reprogramming (39, 74, 145, 171, 183). The activation of the
PI3K/Akt/AU4 c mTOR pathway is a master regulator of aerobic
glycolysis and cellular biosynthesis (74), which can be acti-
vated through a variety of mechanisms (74). The PI3K/Akt

axis increases the glucose and amino acid flux through the
plasma membrane and stimulates glycolysis, expression of
lipogenic genes, and lipid synthesis (39, 74, 171, 183). In-
creased levels of Akt stimulate signaling through mTOR ki-
nase that indirectly causes other metabolic changes by
activating transcription factors such as HIF1 (discussed be-
low). AMP-activated protein kinase (AMPK) induces oppo-
site effects to Akt, functioning as a potent inhibitor of mTOR.
AMPK is a crucial sensor of energy status (it responds to an

FIG. 3. Metabolic changes in cancer cells. Cancer cells usually exhibit an altered metabolism to sustain the rapid prolif-
eration observed in tumors. The best-characterized metabolic change is the Warburg phenotype that provides a rapid ATP
generation and intermediates for the biosynthesis of macromolecules. Thus, ATP is mainly generated through glycolysis,
more than by OXPHOS (represented by a dotted line arrow). Glycolysis intermediates, such as Glucose-6-P, can be used to
increase nucleotide acid biosynthesis by the pentose phosphate pathway. Furthermore, pyruvate is mainly converted to
lactate by LDH-A decreasing the extracellular pH in cancer cells. On the other hand, the last step of glycolysis is often slowed
in cancer cells (dashed line arrow). Cancer cells have high levels of the PKM2, which is often inactive, and in consequence, few
pyruvates enter in TCA. Glutamine is the carbon source that usually re-feeds the TCA cycle. Glutamine is deaminated to form
glutamate by glutaminase that can be converted into a-KG by glutamate dehydrogenase or through transamination. The a-
KG enters the TCA cycle and produces OAA, refeeding the TCA cycle. Thus, citrate can be used for fatty acid synthesis in the
cytosol, where it is converted back into acetyl-CoA and OAA by the action of ACL. The resulting acetyl-CoA is used to
synthesize lipids, while the OAA contributes to amino acid synthesis. These pathways are only few ones that describe the
main metabolic changes that occur in the malignant cells. a-KG, a-ketoglutarate; ACL, ATP citrate lyase; LDH-A, lactate
dehydrogenase A; OAA, oxalacetate; OXPHOS, oxidative phosphorylation; PKM2, pyruvate kinase isoform M2; TCA, tri-
carboxylic acid cycle.
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increased AMP/ATP ratio) and functions as a metabolic
checkpoint, regulating the cellular response to energy avail-
ability (39). The loss of appropriate AMPK signaling that ex-
hibits many cancer cells contributes to their glycolytic
phenotype (39, 183). The tumor suppressor p53 is also an
important regulator of metabolism by inhibiting the glycolytic
pathway through different mechanisms (39, 254). Thus, the
loss of p53, which is frequent in many tumors, may also
contribute to the acquisition of the glycolytic phenotype.
Under hypoxia condition, tumor cells adapt their metabolism
stimulating glucose uptake (31, 78). This response is coordi-
nated by HIF1, which induces energy production by in-
creasing glycolysis and decreasing mitochondrial function.
HIF1 can also be activated under normoxic condition by on-
cogenic signaling activations, including PI3K, or by mutation
in tumor suppressors, such as the von Hippel-Lindau gene,
succinate dehydrogenase, and fumarate hydratase (39, 171,
261). Thus, the activation of oncogenes and the loss of function
of tumor suppressor genes cooperate to enhance the glycolytic
metabolic shift.

4. Tumor acidosis

a. General characteristics. Malignant cells maintain their
intracellular pH neutral or alkaline (7.2 to 7.5), but tend to
acidify the extracellular microenvironment (pH 5.6 to 6.8) (56).
The extracellular acid stress is the consequence of poor blood
perfusion, low oxygen availability, increased glucose metab-
olism, and production of metabolic acids, such as lactic acid
(56). Extracellular tumor acidosis facilitates tumor invasion by
promoting matrix degradation and death of neighbor normal
cells (45, 109) and also promote a reduced immuno-
surveillance by inhibiting NK and CTL activities (98, 176). In
the last 20 years, many studies demonstrated that tumor
acidosis is the result of oncogene activation and hypoxia,
which promote the shift from OXPHOS to glycolytic metab-
olism (56).

b. Molecular control. Lines of evidence indicate that the
genetic alteration of malignant cells drives intracellular alka-
linization and extracellular acidification of the tumor micro-
environment. P53 was shown to decrease the activity of
glycolytic enzymes, to inhibit glycolysis, by modulating the
levels of fructose-2,6-bisphosphate and the expression and
activity of proteins involved in mitochondrial respiration (56).
P53-deficient cancer cells contribute with to the Warburg ef-
fect through aerobic glycolytic compensation, which is ac-
companied by increased lactic acid production (56). The
PI3K/Akt pathway, which is constitutively activated in some
cancer types, also increases glycolysis through the induction
of HIF-1a expression, leading to acidification of the tumor
microenvironment. Other oncogenes such as Ras or c-Myc
increase glycolysis and lactic acid production (56). Cyto-
plasmic alkalinization of cancer cells results from an efficient
membrane transport machinery that extrudes H + and im-
ports HCO3

- , including Na + /H + exchangers, I - , Cl - /
HCO3

- exchangers, Na + /HCO3
- cotransporters, H + /lactate

cotransporters, and carbonic anhydrase II, IX, and XII work-
ing in a coordinated fashion (241) In addition, malignant cells
can induce additional mechanisms for assisting the constitu-
tive pH-regulating systems (241). Hypoxia also promotes ac-
idosis by shifting from OXPHOS to glycolytic metabolism.
HIF-1 activates the expression of multiple genes that favor

glucose uptake and metabolism, and suppress pyruvate oxi-
dation via TCA and OXPHOS (30). Furthermore, HIF-1 can
induce the expression of the H + /monocarboxylate trans-
porter 4, carbonic anhydrase IX, and XII to support cell sur-
vival in a hostile microenvironment (57, 241, 291).

II. Redox Characterization of the Tumor
Microenvironment

A. ROS and cell sources

ROS encompass a wide range of intermediate oxygen-car-
rying metabolites with or without unpaired electrons. The
species with unpaired electrons or O2-derived free radical
include mainly superoxide anion (O2

� - ), hydroxyl radical
(HO�), alkoxyl radicals (RO�), and peroxyradicals (ROO�),
while nonradicals comprise hydrogen peroxide (H2O2), hy-
pochlorous acid (HOCl), and singlet oxygen (1O2), which are
able to oxidize other components and turning them into free
radicals. Other reactive species derived from nitrogen such as
nitric oxide (NO) or peroxinitrite (ONOO - ) are also impor-
tant reactive molecules. All these species often cause chain
reactions leading to the formation of numerous new radicals
(313). It is well known that an uncontrolled ROS generation
damages fundamental cell constituents, including nucleic
acids, proteins, and lipids (313). This damage to cellular
components might give rise to cell senescence and degener-
ation or fatal cell lesions. An excessive increase in ROS pro-
duction has been implicated in the pathogenesis of
atherosclerosis, ischemia/reperfusion injury, diabetes melli-
tus, neurodegenerative diseases, and cancer ( b F4Fig. 4). In addi-
tion to the direct damage to fundamental macromolecules,
ROS were shown to regulate many physiological signaling
pathways associated with cell growth, proliferation, survival,
and motility at physiological concentrations (313, 353). ROS
act as intracellular messengers in the regulation of signal
transduction under normal conditions. These species are im-
plicated as regulators of multiple signaling pathways affect-
ing the activity of membrane receptors, cytoplasmic kinases
and phosphatases, and transcription factors. This regulation is
mediated by oxidation–reduction processes that involve re-
active cysteines residues as redox sensors, redox-sensitive
metal ions coordinated in Fe–S clusters, or thiol-coordinated
zinc sites as redox switches (278).

Several cell sources produce ROS under normal physio-
logical conditions, including mitochondrial electron trans-
port chain (mETC), NADPH oxidase (NOX), cytochrome
P450, lipooxygenases (LOOX), cyclooxygenases (COX),
xanthine oxidases, and peroxisomal enzymes (Fig. 4). In
mammalian cells, mitochondria are one of the major sources
of cellular ROS produced essentially during respiration
through the one-electron reduction of O2 (32, 169, 289). It was
estimated that 0.15%–2% of cellular oxygen consumption
results in O2

� - in vitro (32, 38, 289). Little is known regarding
the regulation of mitochondrial function in vivo in terms of
O2
� - production. Five multiprotein complexes compose the

respiratory chain embedded in the inner membrane of the
mitochondria. Complexes I and II oxidize NADH and
FADH2, respectively, and transfer the electrons to ubiquinol,
which carries them to complex III, which shuttles the elec-
trons across the inner mitochondrial membrane to cyto-
chrome C. Cytochrome C carries electrons to complex IV,
which reduces oxygen to water ( b F6Fig. 6). Complexes I and III
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are the main sites of O2
� - generation; however, complex I

produces ROS only inside the matrix, whereas complex III
can produce ROS on both sides of the mitochondrial inner
membrane (32, 289) (Fig. 6). Superoxide anion is the primary
ROS produced by the mitochondria and is converted to H2O2

through the action of superoxide dismutases (SODs).
Moreover, significant regulatory effects of NO on mito-
chondrial respiration have been described as a result of its
high-affinity binding to cytochrome oxidase (complex IV).
Other components of the mETC can also be inhibited by NO,
contributing to an increase in the mitochondrial O2

� - pro-
duction rate (10, 43).

NOXs are ROS-generating enzymes that produce O2
� - in

response to stimuli such as growth factors, cytokines, and
calcium present in phagocytic and in various nonphagocytic
cell types (24, 174). NOXs are membrane-spanning proteins
with NADPH- (or NADH-) and FAD-binding domains in
their C termini. Once activated, they produce O2

� - by trans-
ferring a single electron from NADPH (or NADH) to FAD,
which in turn passes electrons to hemes, and ultimately to
molecular O2, forming O2

� - (24, 174) (Fig. 4). At present, se-
ven NOX proteins have been identified: NOX1, NOX2, NOX3,
NOX4, NOX5, and dual oxidases DUOX1 and DUOX2 that
produce H2O2. These proteins have different tissue distribu-
tion and cell-type-specific subcellular localization (24, 174,
353). The prototypical NOX is the phagocyte NOX2, which is a
heterodimer formed by the catalytic unit gp91phox and
p22phox, which stabilizes gp91phox and enhances O2

� - -
producing activity (gp91phox has been renamed NOX2 in the
current nomenclature). Rac, a member of small GTPases that
are critically involved in cell capacity to adhere and migrate,
has been also involved in O2

� - generation by NOX in close

association with other cytosolic subunits p40phox, p47phox,
and p67phox. NOX2 is highly expressed in neutrophils and
macrophages and is usually quiescent, but generates O2

� - at a
micromolar-to-millimolar range in response to a challenge
from microorganisms or cytokines. In contrast, oxidant pro-
duction in nonphagocytic cells is low, typically in the nano-
molar-to-micromolar range (267). Recent studies revealed
some aspects of the functional relationships between the
NOX gene family and increased ROS production in tumor
cells (151).

Other cellular ROS sources are the endoplasmic reticulum
(ER) and several cytosolic enzymes. Particularly, the ER
contains cytochromes P450 (CYPs), enzymes that are involved
in the metabolism of drugs and other xenobiotics, arachidonic
acid, eicosanoids, cholesterol, vitamin D3, and retinoic acid.
CYPs catalyze oxidation of substrates by O2, but there are also
abortive oxygen reduction that generates O2

� - , which dis-
mutates to H2O2 (347). In addition, the folding of oxidative
proteins that occurs in the ER also contributes to ROS gener-
ation (306). The xanthine oxidoreductase system, NO syn-
thases (NOS), and COXs are involved in cellular metabolic
pathways that contribute additionally to ROS generation
(121).

B. Control of cellular redox homeostasis:
the antioxidant system

A stringent control of ROS levels is an absolute requirement
for cell survival owing to the toxicity of ROS at high levels.
Thus, cells have developed a sophisticated intracellular anti-
oxidant defense system to protect themselves from oxidative
damage. A complex network of antioxidants includes both

FIG. 4. Sources of ROS
generation. ROS are pro-
duced from several intracel-
lular sources during normal
cell physiological functions,
including mETC, the NOX
complex, cytochrome P450,
lipoxygenase, cyclooxyge-
nase, XO, and peroxisomal
enzymes. Toxins, heavy met-
als, ionizing radiation, carcin-
ogens, inflammation, and
hypoxia are external sources
of ROS that can also induce
oxidative DNA damage.
Nonrepaired DNA damage
can produce a cycle of differ-
ent alterations that contribute
to genomic instability result-
ing in oncogene activation,
mitochondrial dysfunction,
aberrant metabolism, and an-
tioxidant deficit. These alter-
ations sustain a prooxidative
state that perpetuates this
cycle and leads to cancer
progression. mETC, mito-
chondrial electron transport
chain; NOX, NADPH oxidase;
ROS, reactive oxygen species;
XO, xanthine oxidase.
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enzymatic and nonenzymatic components that regulate ROS
cell production, both spatially and temporally (F5 c Fig. 5A, B).

Although O2
� - dismutates spontaneously to H2O2, the

SOD family accelerates significantly this reaction (5 · 105 M - 1

s - 1 vs. 1.5 · 109 M - 1 s - 1). SODs exist in several isoforms:
copper–zinc SOD (CuZn-SOD) found in the cytoplasm, nu-
cleus, and plasma membrane; manganese SOD (Mn-SOD)
located in the mitochondria; and extracellular SOD (EC-SOD)
that maintains the redox status in fluids (187, 313). Several
peroxidases convert H2O2 to water and O2. Catalases (CATs)
catalyze direct H2O2 decomposition to water in peroxisomes,
whereas glutathione peroxidase-1 (GPx-1), located in the cy-
toplasm and mitochondria, removes peroxide by coupling its
reduction to H2O and the oxidation of reduced glutathione
(GSH) to oxidized glutathione (GSSG) (302) (Fig. 5A). Other
types of GPxs (GPx2, GPx3, GPx4, and snGPx, a specific
sperm nucleus enzyme) are mostly specific for GSH as a hy-

drogen donor, but act not only on H2O2 reduction but also on
additional organic peroxides, fatty acid, and cholesterol hy-
droperoxides (only GPx-4) (239, 349). Intracellular levels of
GSH are maintained by the GSH-regenerating system com-
posed by glutathione reductase (GR) and NADPH. Thus, GR
catalyzes the reduction of GSSG to GSH coupled to NADPH
oxidation (302) (Fig. 5A).

Peroxiredoxins (Prxs) constitute 0.1%–0.8% of the total
soluble protein of mammalian cells and are also considered
one of the most important cell redox-state-regulating en-
zymes. Prxs are a family of peroxidases that also reduce H2O2

and alkyl hydroperoxides to water or corresponding alcohol.
They are homodimers that contain one or two cysteines at
their active site. At least six isoforms of human Prxs (Prx1–6)
were located in different subcellular compartments, particu-
larly in the mitochondria (Prxs 3 and 5) (Fig. 5B). Prxs are
maintained in the reduced form by the thioredoxin (Trx)/

FIG. 5. The enzymatic antioxi-
dant system. (A) ROS cell produc-
tion is regulated by enzymatic and
nonenzymatic antioxidant system.
We describe here the enzymatic
antioxidant system, which includes
SOD enzymes that catalyze the
conversion of O2

� - to H2O2 and O2;
CATs, GPxs, and Prxs that can
convert H2O2 to H2O. GPxs can also
reduce other organic hydroperox-
ides (ROOH) to the corresponding
alcohol (ROH). The active state of
Prxs is coupled to the Trx system,
which supplies the reduced form
of Prxs. Trxs are regenerated to
the reduced form by TrxR and
NADPH. GPxs are reduced by
GSH, which is maintained by the
GSH-regenerating system com-
posed by GR and NADPH. (B)
Schematic representation of the
cellular localization of the enzymatic
antioxidant system components.
CAT, catalase; GPx, glutathione
peroxidase; GR, glutathione reduc-
tase; GSH, reduced glutathione;
Prx, peroxiredoxin; Trx, thioredox-
in; TrxR, Trx reductase; SOD, su-
peroxide dismutase.
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thioredoxin reductase (TrxR) system, which in conjunction
with the GSH/GR system maintains the cellular thiol–
disulfide redox status in the cell (333).

The Trx system comprises Trx, TrxR, and NADPH. Trxs are
small redox-active proteins (about 12 kDa) with a disulfide
active site that is reduced to a dithiol by TrxR using NADPH
as an electron donor (Fig. 5A). Mammalian Trx and TrxR are

expressed as isoforms either in the cytosol and in the nucleus
(Trx1 and TrxR1) or in the mitochondria (Trx2 and TrxR2); in
addition, there are testis-specific Trx/TrxR systems (Trx3 and
TrxR-3) (13, 14, 216, 239). Trx/TrxR plays an important role in
the redox regulation of multiple intracellular processes that
induce oxidative stress such as DNA synthesis, cell prolifer-
ation, and chemotherapeutic drug resistance (13, 14, 216, 239).

FIG. 6. mtROS production and detoxification. A zoom to a part of a mitochondrion is represented. Mitochondria are a
major source of ROS through the monoelectronic reduction of O2 by the complexes of the respiratory chain. Complex I
releases O2

� - into the matrix, whereas complex III releases O2
� - to both sides of the inner membrane. O2

� - is converted to
H2O2, by Mn-SOD in the mitochondrial matrix or by CuZn-SOD in the intermembrane space. H2O2 is further converted to
hydroxyl radical OH� by Fenton reaction catalyzed by Fe2 + . The highly reactive radical OH� can react with proteins or DNA
in the matrix and also initiate lipid peroxidation (oxidized lipid represented in black). The major contribution of mitochondria
to cytosolic ROS is given by H2O2 escaping the mitochondrial GPx degradation and by residual O2

� - , which can enter the
cytosol via the mitochondrial PTP. The pore is formed from a complex of the VDAC, the ANT, and cyclophilin-D at contact
sites between the mitochondrial outer and inner membranes. In the mitochondrial matrix, H2O2 is removed by GPx and Prx,
coupled to Trx system. GSSG and Trx (Trx2) are reduced by their respective reductases (GR and TrxR2), using NADPH as the
electron donor. NADP + can be kept reduced by the activity of the NAD/NADP + transhydrogenase through proton
transport into the matrix, providing a link between the inner membrane potential and the mitochondrial redox capacity.
Alternatively, NADP + is reduced by isocitrate dehydrogenase (155). ANT, adenine nucleotide translocase; CuZn-SOD,
copper–zinc SOD; GSSG, oxidized glutathione; Mn-SOD, manganese SOD; mtROS, mitochondrial ROS; PTP, permeability
transition pore; VDAC, voltage-dependent anion channel.
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Unlike Trx that is reduced by its own reductase, glutaredoxins
(Grxs) are coupled to GSH/GR. There are four Grx isoforms in
humans, Grx1, Grx-3, and Grx5 (primarily cytosolic), and
Grx2, displays different splice variants, which are located in
the mitochondria and nucleus (216). In addition to antioxidant
enzymes, nonenzymatic antioxidants are represented by low-
molecular-mass agents such as glutathione (l-y-glutamyl-l-
cysteinyl glycine; GSH), ascorbic acid (vitamin C), a-tocoph-
erol (vitamin E), NAD(P)H, and uric acid (187, 313). Glu-
tathione plays a central role in maintaining redox homeostasis
acting as a direct scavenger of ROS, preventing protein–SH
groups from oxidizing and cross-linking. Tocopherols are li-
posoluble molecules that protect membranes from lipid per-
oxidation by scavenging lipid peroxyl radicals (LO�2),
whereas ascorbic acid is very much soluble in water and
protects cells by scavenging reactive species in the cytoplasm,
although its capacity to generate a prooxidative state was well

reported (42). In addition to their role in regulating the redox
cellular microenvironment, antioxidant defenses have a
number of significant functions required for cell viability.
They are involved in the regulation of transcription factor
activities (e.g., Prxs or Grxs) and may act as growth or che-
motactic factors such as Trxs and serve as enzyme cofactors
like GSH, which is essential for many thiol-dependent en-
zymes involved in cell cycle regulation and antiapoptotic
mechanisms (150). In addition, the Trx system has been de-
scribed as having an emerging role in the angiogenic pro-
cesses, including EC migration, proliferation, and survival
(89).

Transcriptional control of the antioxidant enzyme system is
another key point to maintain the cell redox homeostasis. The
transcription nuclear factor erythroid 2-related factor 2 (Nrf2)
plays a central role in the transcriptional regulation of many
antioxidant or detoxifying genes in response to increased

FIG. 7. Metabolic regulation during tumorigenesis: ROS surf the waves. Recently, Jezek et al. proposed a novel concept of
waves of gene metabolic reprogramming that can be switched by cancer cells to sustain energy needs along tumorigenesis
(256) b AU9. In this figure, we describe briefly this model to complement the information mentioned in sections I.B.3.a and II.C.4.a.
Thus, in early developing malignancy, a first wave (1) of gene reprogramming promotes a glycolytic phenotype. High cell
proliferation rate and impaired angiogenesis induce hypoxia in certain regions within the tumor mass and a second wave (2)
of gene reprogramming reinforces the glycolytic phenotype. OXPHOS is diminished, and the consequent slowdown of
electron transport may cause elevated superoxide anion generation. In the second wave (2). Complex III-mediated superoxide
anion formation is transiently elevated at first steps of the HIF-signaling pathway. The tumor growth requirements exceed
the energy supplied by blood nutrients resulting in aglycemia; therefore, a third wave (3) of gene metabolic reprogramming
involves glutaminolysis, re-establishing OXPHOS. This wave involves the LKB1-AMPK-p53, PI3K-Akt-mTOR axes, and Myc
deregulation. The O2-dependent glutaminolysis might elevate mtROS. Furthermore, nutrient shortage also leads to the fourth
wave (4) of gene metabolic reprogramming that involves mitochondrial biogenesis and retrogrades signaling from revitalized
mitochondria, which might increase ROS generation. AMPK, AMP-activated protein kinase; mTOR b AU4.
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levels of different oxidants or electrophiles (156). The kelch-
like ECH-associated protein 1 (Keap1) is a cytoplasmic
adaptor protein essential for the regulation of the activity of
Nrf2. Under normal conditions, Nrf2 is constantly reduced via
a Keap1-dependent ubiquitination and proteasomal degra-
dation system (164). In the presence of electrophiles or ROS,
Keap1-dependent ubiquitin ligase activity is inactivated by
the direct modification of cysteine thiol residues, and subse-
quently, Nrf2 is stabilized and translocated into the nucleus,
where it activates the transcription of various detoxification
and antioxidant enzymes genes through its binding to anti-
oxidant-response element (ARE) or electrophile-response el-
ements (294). Nrf2 is tightly involved in glutathione synthesis
through its ability to control the expression of glutamate–
cysteine ligase catalytic (GCLC) and modifier subunits
(GCLM); GCLC and GCLM combine to form a heterodimer
that catalyzes the rate-limiting step in GSH biosynthesis. Nrf2
also regulates the production of GR, Trx, TrxR1, peroxir-
edoxin 1, and sulfiredoxin (124, 156). Thus, the Nrf2-Keap1
system is a key factor for cell protection from oxidative and
electrophilic insults that contribute to maintain the redox
cellular microenvironment.

C. Altered ROS production in cancer cells

Early studies showed that cancer cells produce large
amounts of ROS (292, 303), and a subsequent plethora of ac-
cumulating evidence supports the hypothesis that cancer cells
are characterized by the production of higher ROS levels
compared to their normal counterparts (103, 194, 250). The
persistent oxidative stress of cancer cells is caused by an im-
balance between ROS generation and the cell’s ability to
scavenge these species. Chronic oxidative stress in tumor
cells is influenced by numerous factors such as genetic alter-
ation of cancer cells, deregulation of antioxidant enzymes,
mitochondrial dysfunction, aberrant cancer cell metabolism,
alteration in proliferation, and the acquisition of the meta-
static phenotype.

Although high levels of ROS generate a chronic oxidative
state in the tumor microenvironment that promotes tumor
aggressiveness and acquisition of the metastatic phenotypes,
the downstream mechanisms that mediate this process are
still unclear. Moreover, the antioxidant systems activated in-
tracellularly to scavenge ROS can actively participate in the
acquisition of a more aggressive phenotype. The disruption of
the xcAU5 c system that maintains an efficient cysteine/cystine re-
dox cycle reduced tumor aggressiveness and the in vivo
metastatic capacity of esophageal cancer cells (22, 53). More-
over, human lung carcinomas overexpress Trx and TrxR (44,
286), and lung cancer cells with increased Trx levels exhibited
a more aggressive phenotype (44); in addition, human breast
cancer patients showing high intratumor expression of Trx
exhibited increased resistance to docetaxel neoadjuvant che-
motherapy (159). Thus, the upregulation of antioxidant sys-
tems can promote tumor progression by increasing
aggressiveness and cancer cell resistance to therapy.

1. ROS production due to genetic alterations. Several
lines of evidence suggest that increased ROS production by
malignant cells is a consequence of the activation of signaling
pathways associated with genetic alterations (325). Ras proto-
oncogenes encode membrane-bound GTPases that transduce

mitogenic signals from tyrosine kinase receptors (TKR). Ras
mutation, which occurs in 15%–30% of human cancer, was
early associated with increased oxidant production in trans-
formed fibroblasts (137). Downstream sources of Ras re-
sponsible for ROS production are the mitochondria and
NOXs. (263, 284, 334). Ras overexpression enhances mito-
chondrial ROS (mtROS) generation, mitochondrial DNA
(mtDNA) synthesis, and biogenesis (263). Increased mtROS
are essential for K-Ras-induced cell proliferation and tumor-
igenic capacity (326). Furthermore, H-Ras induced the tran-
scriptional NOX1 expression through GATA-6 transactivation
of the NOX promoter in an MEK-ERK-dependent mechanism
(334). NOX1 overexpression has also been linked to prostate
and colon cancer (151). Moreover, NOX4 contributes to cell
survival of pancreatic cancer cells through a process that in-
volves impaired activities of Akt and its target ASK1 (219).
NOX5 has also been also implicated in cell viability in Barrett
esophageal adenocarcinoma cells (151)

Deregulation of the activity or expression of transcriptional
factors has also been associated with ROS generation in cancer
progression. cMyc oncogene overexpression in human cancer
was associated with increased intracellular ROS production
(325). Recently, it was also reported that cMyc point mutations
are associated with ROS production in rat fibroblasts (116).
Stat5 is constitutively activated in many human cancers, af-
fecting the expression of genes that control cell proliferation
and survival. This aberrant activity induces mitochondrial
dysfunction and augmented ROS, leading to DNA damage
(97). The transcription factor p53 plays a key role in main-
taining redox homeostasis and genome stability. The mecha-
nisms describing the p53 role in modulating oxidative stress
and its contribution to tumor development were recently re-
viewed (173).

Although cancer genetic alterations are directly associated
with increased ROS levels that lead to macromolecular
damage and increased malignancy, it has been demonstrated
that oncogenes can promote tumor aggressiveness through
downstream mechanisms that involve ROS-scavenging sys-
tems (77, 142). Particularly, the expression of the oncogenic
alleles of K-Ras, Braf, and Myc suppressed ROS generation by
increasing the basal levels of Nrf2 in murine embryonic fi-
broblasts and in human pancreatic cancer cells (77). As men-
tioned before, Nrf2 binding to ARE elements not only triggers
antioxidant programs that scavenge intracellular ROS but
also induces cell proliferation and tumorigenesis in vivo. It
was also demonstrated that Nrf2-null cells display impair-
ment of cell cycle progression accompanied by a reduction in
the phosphorylation of Akt, and hence reduced cell survival
(268). In coincidence, Nrf2 was shown to upregulate Bcl-2,
preventing cellular apoptosis (230). Moreover, constitutive
stabilization of Nrf2 has been found in many cancer types to
confer resistance to chemo- and radiotherapy, promoting
survival of cancer cells under a deleterious environment (177).
Nrf2 downstream ROS-scavenging-regulated systems such as
heme oxygenase-1, which degrades prooxidant heme into
ferrous iron, carbon monoxide, and biliverdin, have a key role
in cancer promotion and drug resistance, promoting angio-
genesis and metastasis (147). The possibility exists that in
addition to scavenging elevated ROS, detoxifying enzymes
under Nrf2 control could be acting on additional targets that
might promote malignancy. Thus, whether the role of de-
toxifying systems is only to defend the cell from increased
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ROS levels or to serve as a downstream mediator of increased
aggressiveness warrants further investigation.

2. mtROS produced by malignant cells. As mentioned
before, mtROS are directly produced by a leaky transfer of a
single electron to molecular oxygen during OXPHOS. O2

� - is
rapidly converted by mitochondrial or cytosolic SODs to
H2O2, which can diffuse across membranes. The anion su-
peroxide, due to its negative charge, only enters the cytosol
through specialized mitochondrial channels, such as the
voltage-gated anion channel (VDAC) (279) (Fig. 6). Defects in
the mETC (136, 316), prolonged hypoxia and glucose depri-
vation (4, 287), and the action of some oncogenes on mito-
chondrial metabolism (152, 263) can lead to increased levels of
mtROS production in cancer cells. Elevated mtROS levels in
malignant cells can be inhibited by CATs, implying that H2O2

is the predominant ROS overproduced by these cells (316).
Somatic mutations in mtDNA occur at a high frequency in
many cancer types, as a consequence of the prooxidant tumor
environment. These mutations compromise respiratory
function, increase ROS production, and promote metastatic
dissemination (138). Mitochondria are also implicated in tu-
morigenesis, favoring oxidative damage-dependent muta-
genesis (263). mtROS production might drive the selection of
cellular clones capable of supporting an oxidative environ-
ment that would promote the amplification of genomic
damages and instability. Thus, the greater potential for ge-
netic mutations would lead to further rounds of cell trans-
formation and malignancy (263). The increase in mtROS
generation induced by hypoxia and glucose deprivation also
contributes with mitochondrial biogenesis (263). The onco-
proteins p53, Myc, and Ras were able to increase the levels of
the mitochondrial transcription factor A, which promotes
mtDNA synthesis and increases mitochondrial numbers in
cancer cells, favoring an oxidative steady state (263, 284).
Furthermore, Bcl-2, which has been classically associated with
protective effect on the outer membrane integrity, was re-
cently associated with an increase in mETC O2

� - generation
via complex IV (170).

3. Deregulation of antioxidant mechanisms in cancer
cells. Increased ROS levels in malignant cells could arise
from the alteration or inactivation of the antioxidant defense
system. Low activities of CuZn-SOD, Mn-SOD, CATs, and
GPxs have been reported in a variety of transformed and
malignant cells compared with their normal counterparts
(232, 316). Decreased activity and expression of Mn-SOD
were reported in colorectal, prostatic, and pancreatic carci-
nomas (161). However, Mn-SOD levels were shown to be
elevated in mesothelioma, neuroblastoma, melanoma,
stomach, ovarian, and breast cancer (161). An imbalance of
antioxidant enzymes has been observed in many cancer cell
types such as melanoma, lung, prostate, thyroid, and breast
cancer, which results in augmented oxidative stress within
the tumor microenvironment (316). Particularly, we have
demonstrated elevated ROS levels in breast cancer cells in
correlation with an increase in the H2O2-generating SOD
activity and a decrease of CAT and GPx activity (249). It has
also been demonstrated that H2O2 generated in the breast
cancer microenvironment may have an oncosuppressor or
oncopromoter function depending on EC-SOD enzymatic
levels (207).

4. ROS generated by the aberrant activity of malignant
cells

a. Cancer cell metabolism. Although glycolysis dependence
was well demonstrated in fast growing tumors, recent
studies have revealed the importance of OXPHOS for most
of ATP supply that tumors need in crucial steps during
malignant progression (146, 222). For instance, glioma,
melanoma, colon, lung, cervical, and breast cancer cells are
highly dependent on the OXPHOS pathway, from which
these malignant cells obtain 70%–90% of cellular ATP (146,
222). Cancer cells can switch from aerobic glycolysis to
OXPHOS under limiting glucose supply (146). Recently, an
interesting concept of waves of gene regulation was pos-
tulated that would either suppress or restore OXPHOS in
cancer cells during tumorigenesis (284) in a way that both
metabolic pathways might contribute with ROS generation
in the tumor microenvironment (Fig. 7). During glycolysis,
OXPHOS is diminished, and the consequent slowdown of
mETC increases O2

� - generation at complexes I and III.
Retardation of electron transport within complex I and H +

pumping increased O2
� - formation (85), probably because

the generation of longer-lived semiquinone species has
higher probability of reacting with oxygen, leading to O2

� -

production. The resulting elevated O2
� - formation provides

further oxidative stress in a vicious cycle, especially when
the damage occurs in both pathways, leading to an even
more intensive oxidative damage (85, 138). Frequently, tu-
mor growth requirements exceed the energy supply of
nutrients from blood resulting in hypoglycemia or aglyce-
mia (284). Under this condition, energy can be obtained
from glutamine by glutaminolysis-related pathways (284).
Particularly, the O2-dependent glutaminolysis might ele-
vate mtROS when a-KG and concomitant NADH produc-
tion exceeds the electron transport rate within complex I
(140, 284). Accordingly, it was demonstrated that glucose
deprivation in human cancer cells results in a compromised
ability to detoxify H2O2 derived from mitochondrial me-
tabolism, due to the diminution of pyruvate and NADPH,
which are involved in the cellular detoxification of hydro-
peroxides (4). Aglycemia and nutrient shortage promote
OXPHOS and contribute with mitochondrial biogenesis
(263, 284). The increased number of mitochondria in cancer
cells would also eventually lead to increased ROS genera-
tion. An additional important consequence of cancer cell
metabolism is the increased acidosis in tumor microenvi-
ronment (discussed in I.B.4). Recently, it was demonstrated
that the exposure of cancer cells to extracellular acidosis
induced ROS generation, which was abolished by the
presence of antioxidants (270). ROS levels increased in the
presence of rotenone, an inhibitor of complex I, under acidic
conditions, suggesting that mitochondria were the source of
oxygen radicals (270).

b. Cancer cell survival and proliferation. It has been demon-
strated that ROS levels should rise above a certain threshold
to promote cell cycle progression, proliferation, and survival.
Particularly, intracellular H2O2 in the range of 0.01–1 lM is
associated with cell proliferation (290). Several growth factors
such as epithelial growth factor, insulin, and PDGF stimulate
their cognate plasma membrane receptors and promote ROS
generation and cell proliferation (87). However, malignant
cell growth is often independent of mitogenic stimulation
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(126) due to oncogenic transformation that might arise from
high intracellular ROS levels (325, 334). The Ras-ERK, mito-
gen-activated protein kinase (MAPK), and PI3K/Akt intra-
cellular pathways closely related to cell proliferation and
survival are the ones most significantly affected (112, 325, 353)
(F8 c Fig. 8). ROS may reduce cell dependence on growth factors
by lowering the activation threshold of the cognate TKR, or by
transactivating the receptors in a ligand-independent fashion
(269). Although proliferation of cancer cells is often inde-
pendent of mitogenic stimulation, stromal cells respond to
mitogenic signaling with a concomitant ROS increase, con-
tributing the prooxidant state of the tumor microenviron-
ment. Moreover, ROS levels increase through the cell cycle,
and scavenging of ROS by antioxidants leads to late G1 cell
cycle arrest (134, 274). Furthermore, mtROS are involved in
regulating the activity of kinases that promote cell prolifera-
tion, such as ERK1/2 and Akt, and the proapoptotic kinases
c-Jun N-terminal kinases ( JNK) and p38 MAPK (10). Differ-
ential regulation of signaling molecules is mediated by
cysteine oxidations, which depend on redox status and stea-
dy-state concentration of H2O2 (10, 11). Thus, different levels
of H2O2 may lead to opposite responses on cell proliferation,
differentiation, arrest, apoptosis, or senescence (10). The NOX
enzymes have also been reported to promote malignant cell
growth. For instance, NOX4 and NOX5 promote tumor cell
survival in pancreatic and lung cancer, respectively (151).

Additional studies have demonstrated that low concentration
of exogenous ROS, particularly H2O2, induces cell prolifera-
tion (290). Thus, ROS generated in the tumor microenviron-
ment could stimulate proliferating signals inducing a positive
feedback that leads to a vicious circle of ROS generation. Al-
though ROS are traditionally associated with the induction of
cell proliferation, emerging lines of evidence indicate that
increased tumor aggressiveness is associated with a reduction
in ROS generation (48, 77). Indeed, activation of ROS-
scavenging systems, for instance, through Nrf2, and hence a
reduction of ROS levels has been shown to be associated with
tumor cell aggressiveness in breast cancer (154). The question
remains whether only malignant cells that have adapted to
oxidative stress by enhancing their endogenous antioxidant
capacity to lower ROS levels are prone to disseminate and
metastasize (154).

c. Metastatic dissemination. The initial steps of the meta-
static process involves an EMT, by which malignant cell lose
cell polarity and detach from neighbor cells, augment the in-
teraction with ECM, and migrate toward blood and lymphatic
vessels. During this process, the ECM is remodeled by several
proteolytic enzymes such as MMPs facilitating cell in-
travasation into the circulation. ROS generation was associ-
ated with several stages of this process (237, 238, 288). Initial
studies demonstrated that mtROS generation was the major

FIG. 8. Cancer signaling
pathways involved in pro-
liferation, survival, angio-
genesis, and metastasis.
RTKs are involved in most of
the altered signaling path-
ways in cancer cells. Several
growth factors can activate
their correspondent RTK
triggering different signaling
pathways related to tumor
growth and progression.
However, these pathways are
often constitutively activated
in cancer cells mainly by ge-
netic alterations. The activa-
tion of RTKs pathways
usually triggers ROS genera-
tion that can act as mediators
of these signaling pathways.
RTK, receptor tyrosine ki-
nases.
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source to promote cell shape changes and detachment (329).
ROS production was associated with loss of cell–cell adhesion
and cytoskeleton reorganization (258). ROS produced via the
transcriptional activation of NOX have also been linked to the
formation of invadopodia and increased cell motility (81).
mtROS generation was involved in the regulation of the early
focal cell contacts with the ECM, whereas membrane oxidases
drive the spreading and actin dynamics of moving cells (293).
In addition, a recent study showed higher ROS levels in a
cancer-derived metastatic cell line compared with a cell line
derived from the primary lesion of the same patient (181).
Moreover, it has been recently demonstrated that targeting
CATs to mitochondria suppresses the metastatic capacity of
breast cancer cells in mouse models (114).

d. Cancer cell death. Cell death occurs by several mecha-
nisms, including necrosis or PCD, in normal and also in cancer
cells. However, malignant cells generally induce several
mechanisms to resist cell death programs (120). Necrosis has
long been recognized as a proinflammatory event in contrast
with PCD that is a noninflammatory process. In classic apo-
ptosis (PCDI), early collapse of the cytoskeleton occurs, but
organelles are initially preserved. In contrast, PCDII is usually
produced by a prolonged autophagy, where some organelles
are degraded early with initial preservation of the cytoskele-
ton (16, 157). Although autophagy can promote cell death, this
process is also involved in cell survival, especially under
stress condition (353). Autophagy is a catabolic cellular
pathway where parts of the cytoplasm and intracellular or-
ganelles are sequestered into double-membrane autophago-
somes, which are delivered to lysosomes for hydrolytic
degradation. This process generates nucleotides, amino acids,
and fatty acids, which are recycled for ATP generation and
macromolecular synthesis (16). Thus, cancer cells might also
support tumor survival by buffering metabolic demands un-
der stress condition, contributing to tumor metabolic auton-
omy (212, 257).

ROS are involved in the different modalities of cell death. It
is well demonstrated that high levels of ROS can induce ap-
optosis by triggering the opening of the mitochondrial per-
meability transition pore, a megapore spanning the inner and
outer mitochondrial membrane composed by cyclophilin,
VDAC, and the adenine nucleotide translocase (61) (Fig. 6).
Activation of JNK by ROS can also induce extrinsic or intrinsic
apoptosis signaling (61). Excessive ROS production and ATP
depletion from uncoupling of OXPHOS promote necrotic cell
death. Furthermore, it has been postulated that the switch
from apoptosis to necrotic cell death involves not only a de-
crease in cellular ATP but also a burst in intracellular ROS
(16). ROS are also involved in autophagy induction, with
protective or destructive consequences. Starvation induces
ROS generation, which triggers protective autophagy, con-
tributing to cell survival; however, in some cases, autophagy
causes accumulation of ROS and finally cell death. Particu-
larly, it has been demonstrated that during starvation, au-
tophagic cells generate ROS by the selective degradation of
CATs that subsequently cause cell death (16). ROS can induce
autophagy by the induction of the autophagy-related gene 4
(Atg) and also by disturbances in the mETC. Furthermore,
mitochondrial oxidation events, including ROS production
and lipid oxidation, play a key role in the induction of au-
tophagy (16, 275).

5. CSCs and redox consideration. The redox status of
CSCs in the tumor microenvironment is uncertain (1). Some
reports described lower levels of ROS in some CSCs as com-
pared to nontumorigenic cells in human and murine tumors
(82, 357). Low levels of ROS seem to be associated with an
elevated expression of ROS-scavenging molecules (1). Recent
studies suggest that treatment with chemotherapeutic drugs
can lead to the emergence of resistant stem cell-like popula-
tions expressing stem cell markers such as CD133 and Oct-4;
resistance to chemotherapy was associated with reduced ROS
levels, augmented activity of ROS-scavenging enzymes, and
Nrf2 stabilization (2). Consistent with this, tumor samples
obtained from patients that underwent neoadjuvant chemo-
therapy showed lower ROS levels compared to patient sam-
ples that received no therapy (2). In addition, the induction of
EMT-like phenomenon in liver CSCs was associated with
increased CD13 expression, which plays a role in the reduc-
tion of the intracellular ROS level promoting CSC survival
(158). Reduced levels of ROS in conjunction with other pa-
rameters in CSCs were suggested as a marker of the presence
of CSCs in human lung tumors (342). Furthermore, reduced
ROS levels in CSCs were closely associated with the induction
of radio- and chemoresistance (82). Thus, the possibility exists
that the small population of CSCs that was proposed to be
present in certain human cancer types might escape antitumor
treatment by augmenting scavenging enzymes to reduce ROS
levels.

D. ROS generated by the tumor microenvironment

1. ROS generated by CAFs. Recent studies have shown
that cancer cells can induce ROS overproduction in CAFs
(210, 211). Coculture of human breast cancer cells and im-
mortalized human fibroblasts induced a significant increase
in ROS in fibroblasts (210). However, increased ROS levels
promoted DNA damage in both cell types. In response, cancer
cells induced the expression of antioxidant enzymes (PrxI)
and antiapoptotic proteins ( b F9Fig. 9). On the other hand, oxi-
dative stress triggered autophagy/mitophagy and aerobic
glycolysis in CAFs, mediating the generation of a lactate-rich
microenvironment (188). Interestingly, lactate derived from
CAFs also induced mitochondrial biosynthesis in breast can-
cer cells, which can increase ROS generation in the tumor
microenvironment (Fig. 9). Recently, it was demonstrated that
CAFs in contact with human prostate carcinoma cells mediate
a motile and stem-like phenotype through EMT. In response
to CAF contact, cancer cells increased oxidative stress through
a Rac1b/COX-2 pathway (110). On the other hand, gene ex-
pression analysis of primary human prostatic stromal cells
induced to undergo fibroblast-to-myofibroblast differentia-
tion with TGF-b1 showed upregulation of NOX4 expression
and downregulation of the selenium-containing ROS-scav-
enging enzymes (273). Thus, CAFs would contribute with the
prooxidative tumor microenvironment, promoting genomic
instability in cancer cells by enhancing ROS generation with a
potential increase in the tumor aggressive behavior (188).

2. ROS generated by inflammatory cells. A plethora of
publications exist connecting cancer, inflammation, and ROS,
and most of them demonstrate that inflammatory cells induce
ROS generation contributing with tumor initiation and pro-
gression (9, 21, 72, 280). Macrophages and neutrophils are of
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the main ROS-generating cells during an inflammatory or
immune response. However, this is difficult to reconcile with
the evidence that inside the tumor mass, TAMs are polarized
into the M2 type, whereas neutrophils are in the N2 state that
were not associated with high levels of ROS generation (102,
209). Interestingly, the presence of mutations in the hypo-
xanthine–guanine phosphoribosyl transferase locus has been
associated with the genotoxic capacity of neutrophil-derived
ROS, and the grade of mutation also correlated with the levels
of neutrophil infiltration (128). Macrophages can be activated
by contact with tumor cells (226) or with tumor-derived mi-
crovesicles (TMV), which induced ROS generation (20). TMV
are small membrane fragments that are released spontane-
ously by tumor cells during proliferation, migration, activa-
tion, and apoptosis. In addition, eosinophils have the most
vigorous respiratory burst than any other inflammatory cell
type (111) and might also contribute with the prooxidative
state of the tumor microenvironment (223).

Proinflammatory cytokines present in the tumor microen-
vironment also promote ROS generation in phagocytic and
nonphagocytic cells through the activation of different sig-
naling pathways. For instance, tumor necrosis factor a (TNF-
a) enhanced ROS formation by neutrophils and other cells,
whereas IL-1b and TNF-a stimulated the expression ofAU4 c iNOS
in inflammatory and epithelial cells (96). Furthermore, several
damage-associated molecular pattern proteins (DAMPs)
passively released by necrotic dying tumor cells can also ac-
tivate the immune system, inducing an inflammatory re-
sponse (275). For instance, the chromatin-associated DAMP,

high-mobility group box l protein, which is expressed in most
tumor cells, (282, 295) stimulates the release of TNF-a, IL1-b,
EC activation, recruitment, and activation of innate immune
cells and DCs, which would promote the prooxidative tumor
microenvironment (275, 296).

A very recent finding indicates that tumor cells can acquire
metastatic characteristics through the recruitment of myeloid-
derived suppressor cells (MDSCs). These cells mediate im-
mune suppression of T cells by ROS-mediated mechanisms
(227). In tumor-bearing mice, MDSCs accumulate in the bone
marrow, spleen, and peripheral blood and can be found inside
primary and metastatic solid tumors, whereas in cancer pa-
tients, MDSCs were only found in the circulation (235).
MDSCs collected from peripheral blood of patients with stage
III head and neck cancer showed fivefold higher ROS levels
after b AU5PMA stimulation compared with cells with the same
phenotype obtained from healthy volunteers. The increased
ROS levels in MDSCs are caused by upregulation of several
subunits of NOX under the control of the STAT3 transcription
factor (65).

3. ROS generated by ECs and the angiogenic pro-
cess. Angiogenesis is a process closely related to ROS
generation (5, 101, 217, 311, 312). ROS are derived mainly
from NOX proteins (101, 311, 312), although mtROS pro-
duction is also involved (312). Earlier evidence demonstrated
that ROS produced by NOX1 trigger the angiogenic switch,
allowing vascularization and rapid expansion of the tumor
(12). Particularly, VEGF increased two- to threefold

FIG. 9. ROS in the crosstalk be-
tween cancer cell and CAFs. Li-
santi and colleagues (186) have
recently proposed an oxidative
stress-based model of tumor–stroma
coevolution, elaborated from stud-
ies of fibroblasts and cancer cells
cocultures. In this figure, we de-
scribe briefly this model to com-
plement the information mentioned
in section II.D.1 ROS produced
by cancer cells induce the loss of
Cav-1 in CAFs that trigger nitric
oxide production, mitochondrial
dysfunction, and oxidative stress.
This event is followed by ROS-me-
diated DNA damage and genetic
instability that leads to mutagenesis
and a more-aggressive phenotype
in cancer cells. However, cancer
cells also induce antioxidant en-
zymes to escape from oxidative
stress. Oxidative stress also triggers
autophagy/mitophagy and aerobic
glycolysis. This metabolic change
induces a lactate-rich microenvi-
ronment in CAFs that provide nu-
trients to cancer cells (the reverse
Warburg effect) to stimulate their
mitochondrial biogenesis and oxida-
tive metabolism. Cav-1, caveolin-1.

18 POLICASTRO ET AL.

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:47pm Page 18



intracellular ROS by activation of NOX1 or NOX2, which is
essential for their migration and proliferation (101, 107, 311)
(F10 c Fig. 10A). Ang1 and 2 also increase H2O2 generation, mainly
through the activation of NOX2 through the Tie-2 receptor,
which is required for EC chemotaxis (311, 312). The func-
tional role of NOX-derived ROS was demonstrated by the
observation that the antioxidant or the gp91phox-antisense

oligonucleotides significantly block VEGF-induced ROS
production and the EC proliferation and migration (101, 107,
312). In addition, the induction of H2O2 generation through
the upregulation of Mn-SOD expression was also suggested to
be involved in this process (310) (Fig. 10A). The relevance of
ROS generation during angiogenesis was also demonstrated
in vivo (311, 312). Sponge implant assays in mouse models

FIG. 10. Redox modulation of VEGF pathway: an in vivo evidence. (A) VEGF signaling drives ROS generation by NOX.
VEGF derived from tumor cells binds to VEGFR2 in ECs. This binding promotes the translocation of GTPase Rac-1 into the
plasma membrane, activating the NOX that catalyzes the electron transfer from NADPH to molecular oxygen to form
superoxide anion. O2

� - is converted to H2O2, which can oxidize and inactivate protein tyrosine phosphatases (PTPs). This
promotes the constitutive VEGFR2 activation by the inhibition of VEGFR2 dephosphorylation. ROS modulate the activation
of redox-sensitive TFs that promote the transcription of genes involved in angiogenesis. ROS derived from NOX also promote
the upregulation of Mn-SOD, which increases mitochondrial H2O2 production, generating a positive feedback of redox-
signaling events. H2O2 removal by exogenous CAT added to the extracellular environment could inhibit the downstream
angiogenic pathway. (B, C) VEGF expression in tumors after exogenous CAT treatment. Experimental tumors were treated
s.c. b AU5with CAT, and VEGF expression was evaluated. Two mouse models were used: (B) Tumors were generated by s.c
inoculation of 1 · 106 CH72-T4 cells in the flank of athymic nude mice and treated with CAT (1 mg/g body weight) during 2
weeks. VEGF-positive cells per total number of counted cells expressed as percentage of control values (bottom). Ten random
fields were measured at 400 · magnification on one section for each tumor. Approximately 250 cells were counted in each
evaluated random field. (C) Tumors were generated in the dorsal skin of sensitivity to carcinogenesis mice (SENCAR) by a
DMBA/TPA two-stage carcinogenesis protocol. When tumors appeared 2 months later, animals were treated with CAT
(1 mg/g body weight) twice a week, in addition to TPA promotion treatment during 5 weeks. (B, C) Representative images of
VEGF immunohistochemistry in tumor tissue sections treated with CAT, heat-inactivated catalase (I-CAT), or vehicle
(control) (top). Percentage of VEGF-positive cells per total number of counted cells expressed as percentage of control values
(bottom) (to see this illustration in color, the reader is referred to the Web version of this article at www.liebertonline.com/
ars). DMBA, 7,12-dimethylbenz[a]anthracene; TPA, 12-O-tetradecanoylphorbol-13-acetate.
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showed that VEGF-induced angiogenesis was significantly
reduced in wild-type mice treated with N-acetyl cysteine
(NAC) and in gp91phox - / - mice, suggesting that ROS derived
from gp91phox-containing NOX play an important role in
angiogenesis in vivo (311, 312). Furthermore, treatment with
dietary antioxidants such as food phytochemicals was able to
promote an antiangiogenic response (311). In this sense, we
were able to inhibit VEGF expression and tumor growth in
experimental tumors (134) treated with exogenous CATs
(Fig. 10B, C).

ROS derived from the action of proangiogenic factors ac-
tivate redox sensor transcription factors such as HIF1a, Ets,
AP-1, and NF-jB (311), which in turn promote the transcrip-
tion of genes involved in the angiogenesis process. MMP ac-
tivities are essential for ECs to penetrate into the tumor mass.
ROS derived from NOX1 inhibited the post-translational
modification of the nuclear hormone receptorAU5 c PPARa, pro-
moting the activation of NF-jB and the induction of MMP-9
transcription (107).

It was clearly demonstrated that exogenous H2O2 added
in cultured ECs and vascular smooth muscle cells promotes
VEGF expression (217). Thus, ROS generated by the action of
proangiogenic factors would promote a positive feedback of
ROS generation through VEGF enrichment in the tumor
microenvironment contributing with the prooxidative tumor
state.

4. ROS generated by the hypoxic microenviron-
ment. Earlier studies have demonstrated the formation of
mtROS under hypoxia, and these species were suggested as
the real sensor of oxygen deficiencies in cells (162). Since
then, many genetic and pharmacological approaches have
been employed to inhibit the activity of components of the
mETC, preventing hypoxia-mediated stabilization of HIF1a
protein (162). These studies have shown that under moder-
ate hypoxia (1.5% O2), mitochondria stimulate ROS genera-
tion, which in turn inhibits PHD activity, leading to the
stabilization of HIF1a. The pharmacologic and genetic data
indicate that the ubiquinone cycle of complex III is the source
of ROS generation during hypoxia to stabilize HIF1a protein
(162). Recently, it has been described that mitochondrial
NAD-dependent deacetylase sirtuin-3 (SIRT3) has tumor
suppressor functions via its ability to suppress ROS acting on
complex III. The loss of SIRT3 function hyperactivates HIF1a
under hypoxia (200). ROS generated at the mitochondrial
inner membrane space and in the cytosol under hypoxia
were recently visualized using a novel redox-sensitive fluo-
rescent protein (324). Under normoxia, cytosol was the most
reduced; the mitochondrial matrix was the most highly ox-
idized compartment, and the intermembrane space ex-
hibited an intermediate oxidation level. During hypoxia, the
mitochondrial matrix underwent a reductive shift, whereas
the cytosol and the intermembrane space showed an oxida-
tive change despite the decrease in O2 (324), suggesting that
ROS were released from the outer surface of the inner mi-
tochondrial membrane to the intermembrane space and
diffuse into the cytosol. However, ROS levels generated
during hypoxia appear to be substantially lower than those
induced by senescence or apoptosis as assessed using a mi-
tochondrial-targeted redox-sensitive probe (324). NOXs may
also contribute to the generation of ROS during hypoxia
throughAU5 c PKC activation, suggesting that both mitochondria

and cytosolic oxidant systems may contribute to the overall
response (81).

Cellular oxidative stress can be increased not only by
chronic hypoxia but also by cycling hypoxia (79). During cy-
cling hypoxia, there is a significant increase in ROS generation
accompanied by HIF1a stabilization (213), which was dem-
onstrated by oxidative DNA damage and lipid peroxidation
measurements in mammary tumors (79) and also by di-
chlorofluorescein diacetate assays in human glioblastoma
cells (129). Furthermore, NOXs seems also to contribute to
ROS generation during cycling hypoxia. A recent study
demonstrated that NOX4 knockdown or treatment with a
NOX inhibitor blocked cycling hypoxia-induced ROS. NOX4-
generated ROS are required for cycling hypoxia-induced cell
invasiveness through the activation of NF-jB- and ERK-me-
diated stimulation of MMP-9 (129). Thus, the process of ROS
generation from chronic or acute hypoxia might be amplified
by cycling hypoxia, contributing to the prooxidative tumor
microenvironment. b F11Figure 11 summarizes the contribution of
ROS to the prooxidative tumor microenvironment described
in this section.

E. In vivo evidence of ROS generation in tumors

Current evidence supports the hypothesis that cancer cells
are characterized by enhanced ROS generation, increased
ROS accumulation, and deregulation of antioxidant enzymes,
thus existing in a state of perpetually elevated stress (119). In
vivo evidence of elevated oxidative stress was observed in
many solid tumors, including breast cancer, in which H2O2

generated by EC-SOD may exacerbate or decrease the cell
proliferation in a tumor microenvironment (207). It has been
well established that 8-hydroxy-2¢-deoxyguanosine (8-
OHdG) is one of the major oxidatively modified DNA base
products in vivo. Thus, this lesion has been considered as a
biomarker of in vivo oxidative stress. Early reports demon-
strated higher levels of 8-OHdG in renal cell carcinoma,
mammary invasive ductal carcinoma, colorectal carcinoma,
and lung squamous cell carcinoma as compared with their
nonmalignant counterpart (139, 166, 303). More recently, this
finding was extended to other cancer types (94). High levels of
8-OHdG were also detected in serum, urine, or saliva from
cancer patients (19, 47, 172, 341). However, increased 8-OHdG
expression was associated with good prognosis in breast
cancer, especially related to the ductal type tumors (154).
Concomitant with these results, other markers of oxidative
stress were described in different types of experimental and
human cancer. For instance, high levels of protein oxidation
products were found in colorectal cancer patients (47) and in
saliva of patients with oral squamous cell carcinoma (19). An
increase in lipid peroxidation, measured by the thiobarbituric
acid-reactive substances assay, was described in experimental
breast cancer (243), as well as in the breast cancer microen-
vironment, it has been found a peculiar lipid peroxidation and
protein oxidative profile (205, 206). Increased levels of lipid
peroxidation products were also found in sera of Hodgkin’s
lymphoma patients as compared with healthy controls (221).
Several reports correlated the increase in markers of oxidative
stress with a decrease in antioxidant defenses. Bahar et al.
reported high levels of oxidative products of DNA and pro-
teins in saliva of patients with oral squamous cell carcinoma
as compared with healthy controls, in correlation with
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reduced values of the total antioxidant capacity and specific
antioxidants, that is, peroxidase, glutathione S-transferase,
SOD, and uric acid (19). A negative correlation between in-
creased oxidative DNA damage, measured by 8-OHdG, and
reduced antioxidant capacity was also reported in tumor
samples of patients with glioblastoma multiforme (307). Evi-
dence on the relation between intracellular and extracellular
oxidative stress has also been reported. Cancer patients with
high levels of generalized oxidative stress markers in their
sera also exhibited markers of constitutive oxidative stress
within tumors (119).

III. ROS and Cancer Gene Therapeutics

A. Introduction

1. Threshold ROS concept for cancer therapy. ROS
contribute to several characteristics of the cancer cell pheno-
type, such as genomic instability and activation of signaling

pathways related to survival, proliferation, evasion of apo-
ptosis, angiogenesis, and metastasis. Due to the critical role of
ROS in promoting the malignant phenotype, scavenging of
ROS has long been accepted as a therapeutic strategy (304,
321). On the other hand, it is widely accepted that augmenting
intracellular ROS levels can trigger cancer cell death, and
hence it is a plausible tumor suppressor strategy. The main-
stay treatments in cancer, such as chemotherapy and radio-
therapy, also increase ROS production, which can mediate
and induce cancer cell death (236). Thus, increasing the
oxidative cells status has also been considered as a concep-
tual basis to develop different prooxidant cancer therapies
(304, 321).

Normal cells maintain redox homeostasis with low basal
ROS levels and have a reservoir of antioxidant capacity to
tolerate a certain level of exogenous ROS stress. Cancer cells
have an increased prooxidant status as compared to normal
cells. This prooxidant state generates a redox adaptation

FIG. 11. ROS generation by the tumor microenvironment. Schematic representation of different ROS sources derived from
cancer and stromal cells mentioned in this review, which contributes to the prooxidative state of the tumor microenvironment
(to see this illustration in color the reader is referred to the Web version of this article at www.liebertonline.com/ars).

ROS AND CANCER GENE THERAPEUTICS 21

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 21



response by upregulating the antioxidant capacity to main-
tain ROS levels below the toxicity threshold (F12 c Fig. 12). In
consequence, cancer cells have their antioxidant system
overloaded and would be more vulnerable to further oxida-
tive stress induced by exogenous ROS-generating agents (167,
304, 321).

Thus, normal cells have the capabilities to maintain redox
homeostasis even when exogenous ROS surpass certain
threshold; however, malignant cancer cells appear to lack this
capacity and eventually die (Fig. 12). This difference in the
ability to dissipate increased ROS levels between normal and
malignant cells is the basis for the selectivity of some of ROS-
targeted cancer therapeutics. A provocative hypothesis is that
metastasizing cells are those capable of overcoming the ag-
gressive ROS microenvironment, by augmenting antioxidant
defenses to higher levels than those needed to survive, and
thus they would be able to disseminate (237). The CSC ap-
pears as the right candidate for that endeavor; however, fur-
ther investigations are needed (237).

Different therapeutic strategies based on chemicals (95) or
genetic drugs (discussed below) appoint to upregulate or
downregulate ROS levels in cancer. A more recent approach
explored by our group took advantages on the differentially
higher ROS levels in malignant tissue. This strategy aims to

drive the selective expression of therapeutic gene by ROS-
responsive elements that can sense intracellular ROS levels
and can activate the downstream gene expression (250). The
therapeutic potential of this novel ROS-based approach will
be discussed in section III.C.

2. An overview of ROS-based cancer gene therapeu-
tics. Gene therapy (GT) is a relatively new paradigm for
treatment of human diseases and is becoming a rationale area
for the development of novel agents for cancer treatment.
Most clinical trials are still in early phases, and more than 60%
of these trials target different cancer types (www.wiley
.co.uk/genetherapy/clinical/). Generally, GT approaches
involve the overexpression of certain genes driven by strong

FIG. 12. ROS threshold drives cancer cells between life
and death. Normal cells maintain redox homeostasis with
physiological levels of basal ROS (gray bar) by controlling
the balance between prooxidants and AOX. In comparison,
cancer cells have higher levels of ROS (gray bar), which ac-
tivate a redox adaptation response. This leads to an upre-
gulation of the antioxidant capacity (white bar) and a shift of
redox dynamics with high ROS generation and elimination
to keep ROS levels just below the toxic threshold (vertical
dotted line). Upon an exogenous ROS stress (black bar), a
normal cell could afford a certain level of ROS increase by
the antioxidant reserve capacity (hatched bar) preventing
ROS levels to reach the toxic threshold. In cancer cells, their
antioxidant capacity (hatched bar) is maximally activated,
and an increase by exogenous ROS-modulating agents could
lead to the elevation of ROS levels above the toxic threshold
resulting in cell death. AOX, antioxidants.

FIG. 13. ROS and cancer gene therapeutics. The scheme
represents different ROS gene therapeutics focuses on scav-
enging cellular ROS, increasing ROS production, or the
conditional targeting through ROS-response elements.
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promoters or the silencing of a target gene expression by in-
terference RNA (iRNA) strategies. The expression of a thera-
peutic gene driven by specific tumor-associated gene
promoters has also been explored. Viral or nonviral vectors
are used as the vehicles. Viral vectors are based mainly on
adenovirus, adeno-associated virus vectors, Herpes Simplex
virus, and retrovirus, and nonviral vectors comprise lipo-
somes, polymeric micelles, synthetic and natural polymers,
and inorganic nanoparticles among others (90, 197).

ROS-based cancer gene therapeutics focus on scavenging
cellular ROS, increasing ROS production or the conditional
targeting through ROS-responsive elements. GT approaches
to decrease ROS levels are generally based on the over-
expression of antioxidant enzymes. Several approaches in-
cluded knocking down the activity of some components of the
NOX complexes to decrease intracellular ROS production. On
the other hand, strategies to increase ROS levels generally
involve knocking down specific components of the antioxi-
dant system, or altering specific molecular targets to promote
an increase of mtROS. Moreover, in certain circumstances, the
overexpression of the antioxidant enzyme SOD increases
H2O2 and promotes cell death. We will discuss in detail the
different approaches in this section (Fig. 12).

An additional GT strategy is the conditional targeting that
provides effective and specific activation of medical products
inside the tumor mass. This strategy implies the regulation of
viral replication, or alternatively the antitumor activity of a
therapeutic gene through a tumor-specific promoter differ-
entially activated in cancer cells. However, the large number
and variability of DNA alterations among the different tu-
mors and the genetic heterogeneity among different cell
subpopulations of the same tumor cells limit the potential
use of a promoter obtained from a tumor-associated gene.
Therefore, targeting the tumor mass by taking advantage of a
differential microenvironmental characteristic that differen-
tiates cancer and normal tissues is an interesting option. For
instance, hypoxia was used for the selective expression in
cancer tissues of therapeutic genes driven by hypoxia-
response elements (135). In a recent article (250), we proposed
the prooxidative microenvironment of malignant tumors as a
differential feature of cancer that can be utilized to drive the
expression of therapeutic genes through ROS-responsive
DNA sequences. As detailed in section II, cancer and stromal
cells contribute to ROS generation in the tumor mass, and this
characteristic may be considered as another hallmark of can-
cer microenvironment that could be exploited to develop new
cancer gene therapeutics.

B. GT strategies to modulate extra or intracellular
ROS levels

1. Decreasing ROS extra- or intracellular levels by GT
strategies

a. Overexpression of the antioxidant enzyme system in cancer
cells. ROS favor tumor growth by promoting genetic insta-
bility, cell proliferation, angiogenesis, and metastasis. Thus,
scavenging ROS by overexpressing antioxidant enzymes is a
valuable strategy to suppress tumor growth. The chemical
scavenging of ROS and its therapeutic effect have been ex-
tensively reviewed recently (195).

The overexpression of H2O2-scavenging enzymes is one of
the most explored strategies to inhibit cancer growth. CAT

levels are often decreased in a wide variety of tumors and in
cancer cell lines as compared to nonmalignant cells (113,
249). The origin of this deficiency in malignant cells remains
unclear, but recent data point to the hypermethylation of the
CAT promoter, as the explanation for its reduced expression
in cancer cells has been presented (218). In initial studies, we
demonstrated that stable overexpression of the human CAT
gene in breast cancer cells diminished ROS generation, in-
hibited proliferation, and reverted malignant features (249).
Recently, these results were confirmed by showing that the
proliferation and migration capacities of breast cancer cells
were impaired by CAT overexpression (113). In a recent
study, transgenic mice expressing a mitochondrial-directed
human CAT gene (mhCAT) were crossed with transgenic
mice that develop spontaneously metastatic breast cancer.
The progeny expressing mhCAT showed decreased levels of
primary tumor invasiveness and suppression of pulmonary
metastasis compared to control mice (114). The authors hy-
pothesized that expressing mhCAT inside malignant and
stromal cells might increase the antioxidant capacity of the
mitochondrial compartment, raising the possibility of using
this rational therapeutic approach for treating invasive
breast cancer. Scavenging H2O2 by CAT overexpression
prolonged cell-doubling time by extending the G0/G1 phase
and by modulating the activities of the complexes respon-
sible for the G0/G1-to-S-phase transition, such as cyclin D-
CDK4, cyclin E-CDK2, and the CDK inhibitory protein
p27(KIP1) (134, 234). In addition, CAT overexpression in
breast cancer cells led to sensitization to chemotherapeutic
drugs, such as paclitaxel (PTX), etoposide, and arsenic tri-
oxide (ATO), but increases the resistance to the prooxidant
effect of ascorbate. However, no effect was observed on the
cytotoxic response to 5-fluorouracil, cisplatin, doxorubicin
(DOX), or irradiation (113). In contrast, CATs targeted to
mitochondria increased the resistance to ionizing radiation
in vitro and in vivo (91).

Overexpression of GPx, another H2O2-scavenging en-
zyme, has also been explored as a gene strategy. Low levels
of antioxidant enzymes, including Mn-SOD and glutathione-
dependent enzymes, have been reported in pancreatic cancer
(191). Delivery of GPx cDNA by an adenovirus vector (Ad-
GPx) to pancreatic tumor xenografts slowed tumor growth
approximately by 50%. The combination of Ad-GPx with an
adenovirus expressing Mn-SOD cDNA suppressed tumor
growth almost completely (191). In addition, the expression
of phospholipid glutathione peroxidase (PhGPx) is also di-
minished in pancreatic cancer cells. The overexpression of
both the mitochondrial PhGPx form (L-form) and the non-
mitochondrial PhGPx form (S-form) by a recombinant ade-
novirus enhanced tumor growth inhibition in vitro and
in vivo (190). SODs show a significant variability in human
cancer (161). Many human tumors express high levels of
SODs, and this has been associated with aggressive tumor
characteristics; meanwhile, other studies have found low
SOD activity in the same or different cancer types. Over-
expression of SODs in different cancer models will be ana-
lyzed in the next sections.

While most data support the view that tumor growth can
be inhibited by decreasing ROS levels, large-scale random-
ized clinical trials searching for the effect of antioxidants in
cancer prevention showed inconsistent conclusions regard-
ing their potential ability as tumor suppressors (299).
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Moreover, supplemental antioxidant administration com-
bined with chemotherapy or radiation therapy might have a
bystander effect promoting tumor protection and reduced
survival (178).

b. Overexpression of the antioxidant enzyme system in the
tumor stroma. A novel approach of cancer gene therapeutics is
to suppress ROS generation in the tumor stroma. Recently,
Lisanti and colleagues (305) have demonstrated that the loss
of caveolin-1 (Cav-1) in human CAFs dramatically promotes
human breast cancer cell growth. The loss of Cav-1 expres-
sion, the principal component of caveolae, is one of the most
relevant stromal biomarkers associated with a poor clinical
outcome in breast cancer patients (210). Cav-1 is a potent in-
hibitor of NOS, and the loss of Cav-1 triggers NO production,
leading to mitochondrial dysfunction and an increase of ROS
generation in CAFs (210). Interestingly, the breast cancer-
promoting effect of Cav-1 knocking down in human fibro-
blasts was significantly reduced after the stable expression of
Mn-SOD (305). Thus, Mn-SOD may also function as a stromal
tumor suppressor gene, by lowering oxidative stress in the
tumor microenvironment.

The importance of EC-SOD as a potential therapeutic target
has also been demonstrated. EC-SOD overexpression by ad-
enoviral vectors attenuates heparanase expression and in-
hibits breast carcinoma cell growth and invasion (297).
Heparanase activity has been widely implicated as an im-
portant regulator of proliferation, invasion, and metastasis,
and it is involved in the progression of various human can-
cers, including breast cancer. This enzyme acts both at the cell
surface and within the ECM-degrading polymeric HS mole-
cules. Proteolytic HS-derived products act as signaling mol-
ecules that can promote cancer growth, angiogenesis, and
invasion. ROS are involved in HS degradation, and the
overexpression of the human full-length wild-type EC-SOD
gene and particularly the EC-SOD gene with a deletion in the
heparin-binding domain (ECSODDHBD) inhibited the in vitro
growth and invasion of two aggressive breast cancer cell lines
(297). The relative rates of O2

� - formation were significantly
diminished in a conditioned medium containing either the
full-length EC-SOD or EC-SODDHBD. The inhibitory effects
of either form of EC-SOD were greatly enhanced with the
addition of heparin or HS mimetics. Thus, the scavenging of
ROS in tumor stroma is an interesting strategy that could be
explored as cancer ROS-based cancer gene therapeutics.
NOXs are the major ROS generating in endothelial stromal
cells and might be an interesting target to inhibit tumor an-
giogenesis through the suppression of ROS generation.

c. Knocking down NOXs. ROS generated by NOXs have
been shown to contribute to tumorigenesis in many types of
cancer (151), and the enforced suppression of its activity has
been explored in recent studies. For instance, enforced sup-
pression of Rac-1 activity, a key component in the regulation
of NOXs, decreased O2

� - levels production and promoted
the in vitro and in vivo growth inhibition of human pancreatic
cells, suggesting that inhibition of Rac1 may be a potential
therapeutic option (88). Hemangioendotheliomas are clas-
sified as EC tumors, which are the most common soft tissue
tumors in infants. Suppression of NOX4 by stable transfec-
tion of small interfering RNA (siRNA) markedly diminished
H2O2 accumulation in the nuclear compartment and in-
hibited hemangioendothelioma formation in a murine

model (115). In addition, enforced NOX4 knockdown in
human glioblastoma by siRNA inhibited ROS tumor growth
and invasion (129).

Although chemical inhibitors of NOXs demonstrated cer-
tain efficacy in cancer clinical trials (225), adverse effects on
the immune innate defense might restrict their potential use.
In this scenario, targeting NOXs at the tissue of interest using
a GT approach could provide an alternative strategy avoiding
harmful secondary effects.

Another intensive area of research is the use of antioxidants
for cancer prevention. However, some data suggest that these
compounds may also have toxic effects (42). Thus, targeted
vehicles to delivery of genes that will interfere with ROS
production could provide an alternative mechanism to avoid
adverse effects on normal organs. However, it should be
considered that antioxidant treatment would reduce tumor
cytotoxicity after radiotherapy or chemotherapy, two of the
mainstay cancer treatments largely dependent on ROS to in-
duce cytotoxicity.

d. Knocking down other ROS cell sources. Knocking down
the expression of other ROS sources has been also explored;
however, the effects on proliferation or tumorigenesis seem to
be unclear. For instance, knocking down the expression of
myeloperoxidase (MPO) inhibited ROS generation and ab-
rogated the effect of parthenoline (PTL), an antileukemic
agent. This study suggested that MPO seems to play a crucial
role in determining the susceptibility of leukemic cells to PTL-
induced apoptosis (160). Proline oxidase (POX) is a mito-
chondrial enzyme that oxidizes proline and generates ROS as
a byproduct. Although POX is decreased in tumors, it was
demonstrated that its expression is induced by serum-
oxidized low-density lipoprotein (OxLDL), which has been
associated with increased cancer risk (244). Knocked down
POX via siRNA reduced the viability of cancer cells treated
with OxLDL and decreased ROS generation and autophagy
(346). On the other hand, COX-2 is associated with ROS
generation and plays a very important role in carcinogenesis.
It is overexpressed in many malignant tumors, and higher
levels are associated with poor prognosis. Knocking down the
expression of COX-2 by siRNA in esophageal carcinoma cells
suppressed proliferation and tumorigenesis in nude mice;
although the authors did not report ROS levels, it is tempting
to speculate that ROS could be involved in mediating this
process (351).

2. Increasing intracellular levels of ROS by GT strategies
in cancer cells

a. Knocking down the antioxidant enzyme system. An ex-
plored strategy to increase ROS levels is interfering with cel-
lular antioxidant enzyme systems. Thus, SODs, Prx, GPx, and
the Trx system have emerged as important targets for anti-
cancer gene therapies aiming to increase intracellular oxida-
tive stress levels. One of the most common strategies for
knocking down the expression of antioxidants enzymes is the
use of iRNA.

(1) Superoxide dismutases. Early studies demonstrated
that Mn-SOD-antisense RNA promoted g-ray-induced apo-
ptosis of oral squamous cell carcinoma by regulating the ex-
pression of Bcl-2 family proteins (308). Recently, Mn-SOD
expression knocked down by miRNA administration
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promoted the radiosensitization of nasopharyngeal carci-
noma cells (256). In addition, suppression of Mn-SOD activity
in conjunction with other mitochondrial enzymes such as GPx
and TrxR2 was also explored using miRNA generated from
the 3¢ arm of miRNA precursors (miRNA*) (339). Increased
miR-17* levels through a Tet-on-based conditional expression
system in prostate cancer cells markedly suppressed cell
growth in vitro and in vivo. This effect involved the inhibition
of mitochondrial antioxidant enzymes, suggesting that the
miR-17* function in oxidative systems is opposite to its al-
ready-described oncogenic function (339).

Additional studies reported that knocking down Mn-SOD
by siRNA in ovarian cancer increased ROS levels, which
sensitized cancer cells to apoptosis induced by DOX and PTX,
leading to a preferential killing of cancer cells (344). This effect
was restricted to the activation of intrinsic apoptotic path-
ways through ERK1/2 and upregulation of caspase-9, which
contributed to this synergistic effect (344). Treatment of cells
with antioxidants such as GSH or NAC abolished the effects
of Mn-SOD siRNA on DOX- and PTX-induced apoptosis.
However, an additional report showed an opposite effect in
human ovarian cancer cells in response to the suppression of
Mn-SOD expression by siRNA (130). Mn-SOD is generally
overexpressed in ovarian cancer tissues and positively cor-
relates with bad prognosis in ovarian cancer patients (130).
Suppression of Mn-SOD expression by siRNA induced 70%
increase of O2

� - in ovarian cancer cells, leading to the stim-
ulation of cell proliferation in vitro and more aggressive tumor
growth in vivo (130). Docosahexaenoic acid (DHA) is an n-3
polyunsaturated acid with recognized anticancer properties
through the induction of lipid peroxidation. Enforced down-
regulation of CuZn-SOD with siRNA induced an increase in
the ROS level, enhancing cell sensitization to DHA in a re-
sistant cervical cancer cell line (34).

(2) Peroxiredoxins. Several studies using gene-knockout
approaches propose that Prxs function as tumor suppressor
genes. Homozygous loss of Prx1 increased cancer incidence
approximately fivefold, and the loss of Prx2 in thymocytes
results in thymic hyperplasia (229). Prx levels were induced
by radiation, suggesting Prxs as potential target for radio-
therapy in cancer (349). Indeed, Prx1 is elevated in several
human cancer cells and tissues (349), and suppression of Prx1
expression by GT strategies increased ROS levels (51, 52),
tumor growth inhibition, and radiosensitization in lung, in-
testinal and rectal cancer (51, 52, 348). Prx1 knockdown sig-
nificantly increased radiosensitivity, as indicated by a lower
capacity to scavenge ROS that leads to a more extensive DNA
damage through a mechanism that involves P53 (51, 52). In
addition, mouse embryo fibroblasts derived from Prx1-defi-
cient mice showed increased cisplatin-induced apoptosis
compared with wild-type cells (198). Prx2 is also associated
with radioresistance, and its downregulation sensitizes cells
to radiation (349). However, silencing the expression of Prx2
by siRNA only partially reversed the resistance to ionizing
radiation in a radioresistant breast cancer cell line, suggesting
that Prx2 is not the sole factor responsible for the resistant
phenotype (322). Prx3 is a specific mitochondrial H2O2 scav-
enger enzyme, and transient knocking down of Prx3 by siR-
NA in breast cancer cells induced the inhibition of cell
proliferation (59). High levels of Prx3 are present in radio-
resistant cancer cells, suggesting that Prx3 plays an important

role counteracting the ROS generation induced by ionizing
radiation (71). Leukemia cells express high levels of Prx3, and
its siRNA-induced depletion led to a significant accumulation
of ROS and apoptosis induction in the presence of ATO (317).
In addition, knocking down of both human Prx3 and Prx5 in
neuroblastoma cells drives cell apoptosis induced by 1-
methyl-4-phenylpyridinium ion, a complex I inhibitor (71).
Prx4 is overexpressed in head and neck squamous cell carci-
noma, and knocking down its expression increased ROS
levels, apoptosis, and radiosensitivity (240). Accordingly,
overexpression of Prx4 decreased intracellular ROS produc-
tion and enhanced radioresistance (240). Prdx6, a cytoplasmic
protein elevated in certain cancers, is highly expressed in the
liver and transcriptionally regulated by various oxidative
stressors. The cancerous Hepa1-6 hepatoma cell line is sig-
nificantly more resistant to peroxide-induced cytotoxicity and
exhibited an approximately twofold increased expression of
Prdx6 compared to the noncancerous counterpart. Suppres-
sion of Prdx6 by siRNA increased the susceptibility to per-
oxide-induced cell death (319). It can be concluded that Prxs
contribute to the radioresistance of cancer cells, and silencing
the expression of Prxs by GT strategies might provide a novel
approach to enhance the effectiveness of radiotherapy.

(3) Glutathione peroxidases. Although GPxs are widely
believed to prevent carcinogenesis because of their ability to
balance oxidative stress (302), these enzymes are over-
expressed in many cancers, and the suppression of their ex-
pression enhances cancer cell death. DNA microarray analysis
revealed that GPx2 is commonly upregulated in experimental
breast carcinomas induced by chemical carcinogens (228).
Suppression of GPx2 expression by siRNA resulted in sig-
nificant growth inhibition in both rat and human mammary
carcinoma cell lines expressing wild-type p53 (228). In colon
cancer cell lines, knocking down GPx2 by siRNA resulted in a
decreased capacity of colony formation in soft agar and re-
duced tumor growth in nude mice, but enhanced cell migra-
tion (23). GPx2 is associated with the inhibition of malignant
characteristics of tumor cells by counteracting COX-2 ex-
pression, but is required for the growth of transformed cells,
and therefore may facilitate tumor cell growth (23). Knocking
down of GPx3 was shown to be associated with chemical
sensitization. Indeed, GPx3 was highly expressed in ovarian
clear cell adenocarcinoma, and suppression of its expression
by siRNA increased cisplatin sensitivity (271). In addition,
knocking down of GPx4 by siRNA significantly enhanced the
cytotoxic effect of DHA in a human ovarian cancer cell line.
This cytotoxic effect was reverted by pretreatment with vita-
min E, suggesting that this sensitization is due to changes in
the ability of the cells to handle oxidative stress (83).

(4) The Trx system. The Trx system (Trx, NADPH, and
TrxR) is an important regulator of cellular redox status (255).
Although chemical inhibitors of the Trx/TrxR system like
motexafin gadolinium are under evaluation in several clinical
trials for various tumor types (195, 304, 321), genetic strategies
to knockdown this system have been also explored. Early
studies demonstrated that stable transfection of mouse lung
carcinoma cells with siRNA that specifically targets TrxR1
inhibited anchorage-independent cell growth properties and
induced a dramatic reduction in tumor progression and me-
tastasis in vivo in mouse models (49). Moreover, knocking
down TrxR1 in mouse transformed fibroblasts resulted in
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defective progression in their S phase and decreased expres-
sion of DNA polymerase (345). However, in human lung
cancer, no observable differences in cell viability, morphol-
ogy, or phenotype were observed between control and siR-
NA-TrxR1- or miRNA-TrxR1-transduced cells (93, 248).
Nevertheless, TrxR1-knocked-down cells exhibited increased
ROS levels and a differential sensitivity to the cytotoxic effects
of selenocompounds (248), 1-chloro-2,4-dinitrobenzene or
menadione (93), which decreased intracellular GSH levels.
This increased cytotoxic effects of selenocompounds were
mediated by cellular stress, autophagy, and apoptosis (127).

Trxs were also explored as possible targets for GT strate-
gies. Trx1 knocked down by siRNA enhanced ROS levels,
decreased cell proliferation, and increased the sensitivity to
histone deacetylase inhibitors (309) and to ionizing irradiation
(75). Additionally, knocking down both Trx1 and CuZn-SOD
by siRNA increased the sensitivity to manumycin-induced
cell death in glioma cells (84). ROS levels were increased in
Trx1 and CuZn-SOD siRNA-transfected cells and were fur-
ther elevated upon manumycin treatment. This suggests that
an elevation in ROS contributes to the manumycin-mediated
glioma cell cytotoxicity (84). However, in breast cancer cells,
silencing the expression of Trx by siRNA decreased ROS
levels and apoptosis in the presence of daunomycin, but Trx
overexpression increased ROS levels and apoptosis in the
presence of anthracycline drugs (266). It was suggested a
novel prooxidant and proapoptotic role of Trx in response to
anthracycline drugs by facilitating the redox cycling apoptotic
potential of daunomycin (266). The mitochondrial Trx (Trx2)
was also downregulated by siRNA in cervical tumor cancer.
This resulted in an increased sensitivity to some cationic tri-
phenylmethanes such as brilliant green and gentian violet that
were shown to have antitumor and antiangiogenic activity
with still unknown mechanisms (352). In addition, knocking
down thioredoxin-like 2, a novel Trx-related protein in human
breast cancer cells, increased ROS generation, inhibition of cell
proliferation, and reduction of tumorigenesis and metastasis
upon transplantation into immunodeficient mice (255).

The major problem of radiotherapy or chemotherapy is
their intrinsic toxicity. The above-described data support the
feasibility of using genetic silencing of antioxidant systems to
reduce the dose, and therefore to diminish the systemic tox-
icity of conventional cancer therapeutics. Mn-SOD and Prxs
seem to be interesting targets to manage the toxicity of radi-
ation protocols. Knockdown of the Trx/TrxR system or GPxs
seems to be promising targets to induce chemosensitization in
several types of human cancer such as breast or ovarian
cancer. However, the combination of Trx gene therapeutics
and anthracyclines should be carefully studied due to the
possible dual role of Trx as an antioxidant or prooxidant (266).
The use of selenocompounds in combination with TrxR
knockdown may be an interesting approach in cancers ex-
pressing high TrxR levels, for example, nonsmall-cell lung
cancer. The chemosensitization by GT strategies would rep-
resent an opportunity to sensitize cancers that have devel-
oped chemoresistance to conventional chemotherapeutic
drugs.

b. Overexpression of the antioxidant enzyme SOD. There is a
large body of literature linking alteration of antioxidant en-
zyme systems and cancer. Oberley and Buettner suggested
that the normalization of enzyme levels should result in re-

version of at least a part of the cancer phenotype (232). They
first reported that increased Mn-SOD levels in melanoma cells
by cDNA transfection suppressed the malignant phenotype
(60). Since then, it has been demonstrated that Mn-SOD-
increased expression reverted the malignant phenotype in vitro
and in vivo in different cancer models, including human breast
carcinoma, lung fibroblasts, viral-transformed WI-38, rat and
human glioma, mouse and human fibrosarcoma, human
prostatic carcinoma, and human pancreatic cancer cells (231).
From these studies, Mn-SOD has been proposed as a tumor
suppressor gene through the alteration of the superoxide/
H2O2 balance. Indeed, increasing Mn-SOD levels enhanced
the conversion of O2

� - to H2O2, which in turn might cause
antiproliferative effects. The coadministration of CATs re-
versed this effect supporting this hypothesis. Moreover, in the
breast tumor microenvironment, it has been also demon-
strated a switch role of ROS: elevated activity of EC-SOD may
generate H2O2 with an oncosuppressor function, whereas
CuZn-SOD downregulation may act as an oncopromoter
influencing cell proliferation in an ROS-stressed tumor mi-
croenvironment (207). Furthermore, in pancreatic cancer, the
overexpression of Mn-SOD resulted in high levels of H2O2

and antiproliferative effects, but the overexpression of EC-
SOD and CuZn-SOD had even a stronger tumor-suppressive
effects (298). On the other hand, in ovarian cancer tissues, Mn-
SOD levels were significantly higher than in the normal
ovarian epithelium and benign lesions. Suppression of Mn-
SOD expression caused ROS accumulation, leading to in-
creased cell proliferation in vitro and enhanced tumor growth
in vivo (130).

The administration of a replication-competent recombinant
adenovirus expressing the human Mn-SOD gene (ZD55-
MnSOD) showed an antitumor effect 1000-fold higher than
that observed for the nonreplicative adenovirus (Ad-MnSOD)
(355). This vector enhanced Mn-SOD protein levels and in-
creased Mn-SOD activity. Moreover, the combination of
ZD55-MnSOD with an adenovirus expressing the TNF-
related apoptosis-inducing ligand (ZD55-TRAIL) resulted in a
profound tumor growth inhibition and a complete remission
of all tumor masses in nude mice. Mn-SOD/TRAIL over-
expression enhanced H2O2 levels and decreased tumor cell
growth by extending the cell cycle transition time from the G1
to S phase (355). Moreover, the overexpression of Mn-SOD in
combination with radiation or certain chemical drugs syner-
gistically increased oxidative cellular stress (92, 330). Re-
cently, a new active recombinant human Mn-SOD (rMn-SOD)
was found to exert the same radioprotective effect on normal
cells and organisms as any other Mn-SOD, but also radio-
sensitized malignant cells. Animals exposed to lethal doses of
ionizing radiation and daily rMn-SOD injections were pro-
tected from radiodamage and were still alive 30 days after the
irradiation, whereas control animals exposed to ionizing ra-
diation, in the absence of rMn-SOD, died after 7–8 days from
the radiotreatments (29). Thus, a therapeutic approach that
might have a radioprotective effect on normal cells warrants
further investigation, as radiotherapy is limited mainly by
toxicity over normal tissues.

c. Knocking down additional redox-associated cellular genes. In
the last years, several studies have demonstrated that
knocking down certain cellular targets produces or increases
ROS cell generation and cancer cell death. Particularly,
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specific miRNAs have been explored as therapeutic tools to
inhibit tumor growth by mechanisms that include mito-
chondrial dysfunction. For instance, aberrant expression of
miRNA 128 (miR-128) was found to be implicated in dif-
ferent cancers (108). miRNA 128a (miR-128a) is strongly
downregulated in medulloblastoma, a malignant primary
brain tumor with high incidence in children. Transfection of
miR-128 in medulloblastoma cells inhibited cell proliferation
by promoting cellular senescence through the targeting of
the transcription factor repressor Bmi-1 (315). Mice deficient
in Bmi1 had an impaired mitochondrial function, with a
marked increase in intracellular ROS and subsequent en-
gagement of the DNA-damage-response pathways (189).
miR-128a induced fivefold increase in senescent cells and
threefold superoxide (O2

� - ) increase when compared to
control cells. This effect was reverted by the addition of ex-
ogenous CuZn-SOD (315). Moreover, the ectopic expression
of hsa-miR-128 induced apoptosis, cell cycle changes, dissi-
pation of mitochondrial membrane potential, and increased
ROS generation in HEK293T cells (3). Furthermore, both
bioinformatic prediction and experimental results indicate
that hsa-miR-128 can target Bcl-2-associated X protein (Bax)
(3).Surprisingly, miR-128 seems to downregulate Bax ex-
pression and unexpectedly induces HEK293T apoptosis.
Another example is the MUC1 oncoprotein, which is aber-
rantly overexpressed in human carcinomas and hematologic
malignancies. Recently, it was demonstrated that miR-1226
interacts with a MUC1 3¢- untraslated region and down-
regulates the endogenous levels of MUC1 (143). miR-1226
induced an increase of ROS cell generation, loss of the mi-
tochondrial transmembrane potential, and a decrease in cell
survival. These studies suggest the importance of miRNAs
as potential gene therapeutics to increase ROS through en-
hanced mitochondrial dysfunction, although caution should
be taken, since miRNAs can target multiple genes, and the
effects on cell survival could be produced by causes other
than increased ROS generation.

C. ROS-response elements to drive cancer gene
therapeutics

Several groups have shown the therapeutic effect of cy-
totoxic genes whose activity was driven by promoters cor-
responding to tumor-associated genes. This strategy named
conditional targeting allows the therapeutic gene to be active
only in malignant cells without affecting normal cells. Tar-
geting the tumor mass by taking advantage of a defined
microenvironmental characteristic that differentiates cancer
and normal tissues is a valuable option. For instance, motifs
responsive to hypoxia were used for the selective expression
of therapeutic genes in the cancer microenvironment (135).
We proposed the use of the prooxidative microenvironment
of tumors as a feature that distinguishes malignant from
normal tissues to direct the expression of therapeutic genes.
DNA sequences responsive to ROS are present in the pro-
moters of several redox-regulated genes. Although no se-
quence consensus has been found among them, different
ROS-response motifs were explored to drive therapeutic
genes in different models. One of the most explored se-
quences is the ARE, a cis-acting sequence in the promoters of
a number of antioxidants and detoxification enzymes, which
are transcriptionally induced under oxidative stress condi-

tions (165). The consensus core ARE sequence (TGAC/
GnnnGC) binds basic leucine-zipper (bZIP) transcription
factors, most notably Nrf2, which forms heterodimers with
other bZIP factors, such as small Maf proteins. As previously
mentioned, under basal conditions, Nrf2 is repressed by
Keap-1, and during oxidative stress, Nrf2 escapes from the
proteasomal degradation machinery, translocates to the
nucleus, and activates target genes via binding to ARE se-
quences (350). This sequence was explored in several models
for the treatment of retinopathy of prematurity (253), stroke
(54), and cancer (131) directing reporter or therapeutic genes
in viral (54, 131) and nonviral vectors (253). This element
upregulates the expression of reporter or therapeutic genes
in the human embryonic kidney 293T cell induced by H2O2

or diethyl maleate, an electrophilic compound that depletes
cellular GSH, thereby producing oxidative stress (131).
Moreover, ARE activity was induced by hyperoxia in canine
retinal ECs (253). Of note, iRNA-mediated reduction of Nrf2
expression induced ROS generation, suppressed tumor
growth, and resulted in increased sensitivity to chemother-
apeutic drugs in vitro and in vivo (283)

Another widely studied sequence is the CArG (CC(A/
T)6GG) element contained within the promoter of several
ROS-response genes. Particularly, the early growth re-
sponse-1 (Egr-1) promoter contains the CArG elements that
were extensively studied as motifs responsive to ionizing
radiation. It was well demonstrated that ionizing irradiation
activates CArG elements through reactive oxygen interme-
diates generated by water radiolysis (70). The Egr-1 pro-
moter-incorporated upstream of a cDNA encoding the
human TNF-a (hTNF-a) gene was integrated into a replica-
tion-defective adenovirus that gave origin to a construct
that reached the clinics (TNFerade�) (62). An additional
replication-defective adenoviral vector Ad.Egr-TNF.11D
was also engineered by ligating several copies of CArG
(CC(A/T)6GG) elements in tandem upstream to a cDNA
encoding hTNF-a, which was activated by various chemo-
therapeutic agents that increase intracellular ROS levels
(193). Nine tandem copies of the CArG element were also
shown to drive the expression of the iNOS gene (66) and an
siRNA against urokinase plasminogen activator and uroki-
nase plasminogen activator receptor in cancer models (265).
Recently, CArG elements were combined with the low
transcriptional activity human telomerase reverse tran-
scriptase (hTERT) promoter (336). This chimeric promoter
was better at driving radiation-inducible GT than the hTERT
promoter alone and significantly inhibited glioma tumor
growth in a xenograft mouse model.

We have recently described a ROS-responsive chimeric
promoter that was activated by endogenous ROS cancer cell
levels (250). This chimeric promoter was based on a ROS-
response motif located in the VEGF gene promoter placed
downstream of the aforementioned Egr-1 motif (250). The
activity of the chimeric promoter [named E6(40)VE] was lar-
gely dependent on variations in intracellular ROS levels,
showed a high inducible response to exogenous H2O2 and
was differentially activated in cancer or noncancer cell lines
( b F14Fig. 14). Transient expression of the thymidine kinase (TK)
gene driven by this chimeric promoter, followed by gancy-
clovir (GCV) administration, inhibited human colorectal
cancer and melanoma cell growth in vitro and in vivo ( b F15Fig. 15).
Moreover, electrotransfer of the TK gene under the control of
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the E6(40)VE promoter followed by GCV administration ex-
erted a potent therapeutic effect on established tumors. This
response was improved when combined with chemothera-
peutic drugs such as DOX that by themselves act by increas-
ing ROS levels (250). Thus, the conditional targeting of a
cancer tissue by taking advantage of the prooxidant tumor
microenvironment might represent a promising strategy of

ROS-targeted gene therapeutics not only in cancer but also to
tackle other diseases associated with high ROS levels.

IV. Concluding Remarks and Future Perspectives

Throughout this review, we aimed to describe the most
relevant features of the tumor microenvironment, addressing
ROS-generating sources that promote the generation of a
prooxidative microenvironment inside the tumor mass. Ge-
netic therapeutics directed to decrease or exacerbate the
prooxidative microenvironment, and even those that take
advantage of differential levels of ROS between cancer and
normal cells were described. ROS-targeted GT approaches
have demonstrated effectiveness in tumor treatment both
in vitro and in vivo. In this context, several critical points
should be considered as major constraints for developing
novel therapeutics based on the oxidative tumor microenvi-
ronment if a clinical approach is on the scope. Effectiveness
and selectivity are the main goals to develop ROS-targeted
cancer gene therapeutics (321).

Potential effectiveness of alternative ROS-manipulating
strategies should emerge from understanding the best gene
therapeutics for a particular redox characteristic of the tumor.
In some cases, enhancing ROS levels appears to be more ap-
propriate, whereas in other cases, scavenging of radical spe-
cies is more effective. Wang and Yi (321) suggested that cancer
cells with a moderate increase in ROS levels are more suitable
for ROS-depletion approaches, while those with highly in-
creased ROS levels are suitable for ROS-elevating ones. This
stands from the evidence that cancer cells with increased ox-
idative stress are likely to be more vulnerable to damage by
further ROS insults induced by exogenous agents. By contrast,
poorly differentiated and highly metastatic tumor cells (147)
often do not exhibit an increased ROS accumulation; in this
case, ROS-depletion approaches would be the most appro-
priated ones. In this regard, the characterization of the oxi-
dative profile of a specific tumor is of fundamental
importance to decide which strategy is the most appropriate
(69). The characterization of this profile that could be made in
biopsy or in fluids through the determination of oxidative
markers might contribute to predict efficacy and systemic
toxicity (46, 132, 343).

Another important issue regarding the effectiveness of
redox-directed GT is the capacity of cancer cell adaptation.
Under persistent intrinsic oxidative stress, many cancer cells
become adapted to such stress and induce an enhancement in
endogenous antioxidant capacity, which makes the malignant
cells resistant to exogenous stress (175). Adaptive mecha-
nisms not only activate ROS-scavenging systems to cope with
the stress but also inhibit apoptosis. Furthermore, metasta-
sizing cells can trigger cellular programs to escape from the
high oxidative stress levels observed within the primary tu-
mor (238). Recent reports indicate that transformed cells ac-
quire a cancer genotype by inducing the expression of a set of
survival genes such as those of specific antioxidant proteins
(262), which are not usually expressed by normal cells. Thus,
targeting this set of genes can inhibit growth of rapidly
growing and highly invasive cells without a harmful general
toxicity, selectively increasing ROS levels and apoptosis of
malignant cells (262). Therefore, nononcogene profile would
be an interesting approach for new procedures targeting the
ROS stress–response pathways in cancer cells.

FIG. 14. Endogenous ROS levels modulate E6(40)VE ac-
tivity. The basal activity of the ROS-responsive chimeric
promoter E6(40)VE (40 means a DNA spacer of 40 bp) was
evaluated in nontumor and tumor cells in response to en-
dogenous ROS levels. Nontumor (white bars) and tumor
(black bars) cell lines were transiently transfected with
E6(40)VE-LUC, where luciferase expression was driven by
the chimeric promoter. As expected, ROS-dependent lucif-
erase activity was higher in tumor cells than in their re-
spective nontumor counterparts (*p < 0.001). Moreover,
tumor cells exhibited higher intracellular ROS levels than
their nontumor counterparts. Indeed, quantification of DCF
staining showed two- to fivefold increase in intracellular
ROS levels in LoVo colorectal carcinoma, A375N melanoma,
and MCF-7 breast cancer cells and in transformed WI-38VA
fibroblasts compared to their normal counterparts (*p < 0.01).
Modified from Policastro et al. (250)AU10 c according to NPG license
(225). DCF, dichlorofluorescein.
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Tumor heterogeneity is another important issue that
should be considered to design a therapeutic strategy. High-
resolution imaging methods have already shown that
intratumor heterogeneity is a characteristic of the complex
tumor microenvironment (73, 185). As hypoxia, glucose or
pH, or presumably ROS levels fuel heterogeneity within a
tumor. It has been shown in xenograft models of human
cancers that the mitochondrial redox state is more oxidized in
the core of aggressive tumors, whereas the redox state in the
rim is closer to or the same as in normal tissue (338). In this
context, compartmentalization of redox states within cancer
cells is another topic that should be considered in the design of
ROS-targeted GT strategies. It would be of high relevance to
establish whether ROS are elevated in the mitochondria or in
the nucleus despite the fact that ROS can diffuse from one
organelle to the other, especially stable ROS like H2O2.
Moreover, heterogeneity of ROS generation within the tumor
mass, different cellular sources of ROS generation, and even
different compartmentalization of ROS generation could be
responsible of some controversies and differences that arose
between studies and cancer types. Thus, to avoid treatment
failure, adaptive mechanisms, ROS tumor heterogeneity, and

even ROS cell compartmentalization should be considered for
the rationale design of a ROS-targeted therapeutic strategy.
Selectivity of ROS-targeted GT approaches is another critical
issue to design novel cancer therapeutics. As described, the
threshold concept discriminates normal from malignant cells
by their differential capabilities in maintaining redox ho-
meostasis (304, 321). Thus, GT strategies related to ROS levels
might involve either the modification of ROS by increasing or
decreasing intratumoral concentrations, or the selective ex-
pression of therapeutic genes through ROS-responsive motifs
by taking advantage of high ROS levels in the tumor micro-
environment.

Numerous strategies have been evaluated for detargeting
and retargeting adenoviral vectors to tumors. Adenoviral
vectors can be retargeted by genetic modification of the capsid
proteins (hexon, penton, and fiber), by the incorporation of
bispecific fusion proteins or antibodies to detarget adenovirus
for their native tropism and retarget the virus to the tumor.
Successful retargeting of vectors has been achieved using
antiknob antibodies or truncated coxsackie and adenovirus
receptor constructs chemically or genetically linked to a va-
riety of targeted ligands or antibodies against cell surface

FIG. 15. A novel chimeric promoter can sense ROS levels leading to the activation of therapeutic genes. The expression
of the TK gene was driven by the ROS-responsive chimeric promoter E6(40)VE. For these experiments, the TK gene was
cloned downstream of E6(40)VE to generate E6(40)VE-TK, and we demonstrated that this genetic construction, followed by
GCV, inhibited the in vitro and in vivo tumor cell growth. (A) Schematic representation of the chimeric E6(40)VE construct.
The ROS-responsive chimeric promoter can sense augmented ROS levels in the tumor microenvironment driving TK ex-
pression and hence cell death in the presence of gancyclovir (225). (B) E6(40)VE was able to drive TK expression in multi-
cellular spheroids. A strong reduction in the growth capacity of spheroids of LoVo colorectal carcinoma or A375N melanoma
cells previously transfected with E6(40)VE-TK was observed when exposed to GCV (50 lM). Photomicrographs ( · 25) of
spheroids taken after 20 days of GCV treatment are shown. (C) LoVo and A375N cells transiently transfected with E6(40)VE-
TK and injected s.c into nude mice. Mice were i.p. b AU5treated with GCV (50 mg/kg) or vehicle every day during the first 15 days
after cell inoculation. No mouse injected with LoVo cells expressing TK and treated with GCV developed a tumor. Mice
injected with A375N cells and receiving the same treatment as animals receiving LoVo cells showed significant tumor growth
delay compared to control mice. Photographs of mice were taken at 60 days. Modified from Policastro et al. (250)AU10 c , according
to NPG license (225) (to see this illustration in color the reader is referred to the Web version of this article at www
.liebertonline.com/ars). GCV, gancyclovir; PBS, phosphate-buffered saline was used as vehicle; TK, thymidine kinase. b AU11

ROS AND CANCER GENE THERAPEUTICS 29

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 29



receptors (184, 277). Results from studies using adaptor
molecules have shown a 10-fold to 20-fold increase in trans-
gene expression in target tissues in vivo (125). Nonviral
vehicles also improve tumor selectivity generally by the at-
tachment of ligand or antibodies on the cell surface used as
vehicle (90). On the other hand, the use of specific promoters
or conditional targeting to drive the expression of therapeutic
genes in viral or nonviral vectors provides additional selec-
tivity to cancer gene therapeutics. Targeting a biochemical
alteration in cancer cells might be a feasible approach to
achieve therapeutic activity and improve selectivity. For in-
stance, most cancer cells exhibit increased aerobic glycolysis
or hypoxia and oxidative stress, which could be important in
the development of new anticancer strategies. Another pos-
sibility to enhance the therapeutic efficacy is the combination
of ROS-response elements with chemotherapeutic agents that
enhance intracellular ROS levels such as DOX, bleomycin, and
PTX or ROS-generating agents such as gadolinium. Due to the
potentially vital roles of stem-like cancer cells in drug resis-
tance and disease recurrence, it is extremely important to
examine the redox status in this subpopulation of malignant
cell and to devise therapeutically relevant redox modulation
strategies. In addition, using motifs capable of sensing and
being activated in a ROS-elevated environment could be used
as a novel strategy not only in cancer but also in additional
diseases. Increased formation of ROS was also shown to be
associated with atherosclerotic lesions, diabetes, Parkinson’s,
and Alzheimer’s diseases. Thus, we speculate that this ap-
proach might be used for any disease related to high ROS
levels, by using the appropriate therapeutic gene.

Acknowledgments

This work was supported by the grants from the National
Agency for Promotion of Science and Technology (ANPCyT),
Argentina. The authors wish to thank Amigos del Instituto
Leloir para la Lucha contra el Cancer (AFULIC) for their
continuous support. The authors also gratefully acknowledge
Andrea C. Cruz for proofreading the manuscript and advis-
ing us on the use of English language.

References

1. Acharya A, Das I, Chandhok D, and Saha T. Redox regu-
lation in cancer: a double-edged sword with therapeutic
potential. Oxid Med Cell Longev 3: 23–34, 2010.

2. Achuthan S, Santhoshkumar TR, Prabhakar J, Nair SA, and
Pillai MR. Drug-induced senescence generates chemore-
sistant stemlike cells with low reactive oxygen species. J
Biol Chem 286: 37813–37829, 2011.

3. Adlakha YK and Saini N. MicroRNA-128 downregulates
Bax and induces apoptosis in human embryonic kidney
cells. Cell Mol Life Sci 68: 1415–1428, 2011.

4. Ahmad IM, Aykin-Burns N, Sim JE, Walsh SA, Higa-
shikubo R, Buettner GR, Venkataraman S, Mackey MA,
Flanagan SW, Oberley LW, and Spitz DR. Mitochondrial
O2*- and H2O2 mediate glucose deprivation-induced stress
in human cancer cells. J Biol Chem 280: 4254–4263, 2005.

5. Ahmed Z and Bicknell R. Angiogenic signalling pathways.
Methods Mol Biol 467: 3–24, 2009.

6. Albertson DG, Collins C, McCormick F and Gray JW.
Chromosome aberrations in solid tumors. Nat Genet 34:
369–376, 2003.

7. Albertsson PA, Basse PH, Hokland M, Goldfarb RH, Na-
gelkerke JF, Nannmark U, and Kuppen PJ. NK cells and the
tumour microenvironment: implications for NK-cell function
and anti-tumour activity. Trends Immunol 24: 603–609, 2003.

8. Allavena P, Sica A, Solinas G, Porta C, and Mantovani A.
The inflammatory micro-environment in tumor progres-
sion: the role of tumor-associated macrophages. Crit Rev
Oncol Hematol 66: 1–9, 2008.

9. Alvarez MJ, Prada F, Salvatierra E, Bravo AI, Lutzky VP,
Carbone C, Pitossi FJ, Chuluyan HE, and Podhajcer OL.
Secreted protein acidic and rich in cysteine produced by
human melanoma cells modulates polymorphonuclear
leukocyte recruitment and antitumor cytotoxic capacity.
Cancer Res 65: 5123–5132, 2005.

10. Antico Arciuch VG, Elguero ME, Poderoso JJ, and Carreras
MC. Mitochondrial regulation of cell cycle and prolifera-
tion. Antioxid Redox Signal 16: 1150–1180, 2012.

11. Antico Arciuch VG, Galli S, Franco MC, Lam PY, Cadenas
E, Carreras MC, and Poderoso JJ. Akt1 intramitochondrial
cycling is a crucial step in the redox modulation of cell cycle
progression. PLoS One 4: e7523, 2009.

12. Arbiser JL, Petros J, Klafter R, Govindajaran B, McLaughlin
ER, Brown LF, Cohen C, Moses M, Kilroy S, Arnold RS,
and Lambeth JD. Reactive oxygen generated by Nox1
triggers the angiogenic switch. Proc Natl Acad Sci U S A 99:
715–720, 2002.

13. Arner ES. Focus on mammalian thioredoxin reductases—
important selenoproteins with versatile functions. Biochim
Biophys Acta 1790: 495–526, 2009.

14. Arner ES and Holmgren A. The thioredoxin system in
cancer. Semin Cancer Biol 16: 420–426, 2006.

15. Arnold SA, Rivera LB, Miller AF, Carbon JG, Dineen SP, Xie
Y, Castrillon DH, Sage EH, Puolakkainen P, Bradshaw AD,
and Brekken RA. Lack of host SPARC enhances vascular
function and tumor spread in an orthotopic murine model of
pancreatic carcinoma. Dis Model Mech 3: 57–72, 2010.

16. Azad MB, Chen Y, and Gibson SB. Regulation of autop-
hagy by reactive oxygen species (ROS): implications for
cancer progression and treatment. Antioxid Redox Signal 11:
777–790, 2009.

17. Backman E, Bergh AC, Lagerdahl I, Rydberg B, Sundstrom
C, Tobin G, Rosenquist R, Linderholm M, and Rosen A.
Thioredoxin, produced by stromal cells retrieved from the
lymph node microenvironment, rescues chronic lympho-
cytic leukemia cells from apoptosis in vitro. Haematologica
92: 1495–1504, 2007.

18. Baggetto LG. Deviant energetic metabolism of glycolytic
cancer cells. Biochimie 74: 959–974, 1992.

19. Bahar G, Feinmesser R, Shpitzer T, Popovtzer A, and
Nagler RM. Salivary analysis in oral cancer patients: DNA
and protein oxidation, reactive nitrogen species, and anti-
oxidant profile. Cancer 109: 54–59, 2007.

20. Baj-Krzyworzeka M, Baran J, Weglarczyk K, Szatanek R,
Szaflarska A, Siedlar M, and Zembala M. Tumour-derived
microvesicles (TMV) mimic the effect of tumour cells on
monocyte subpopulations. Anticancer Res 30: 3515–3519,
2010.

21. Balkwill F and Mantovani A. Inflammation and cancer:
back to Virchow? Lancet 357: 539–545, 2001.

22. Banjac A, Perisic T, Sato H, Seiler A, Bannai S, Weiss N,
Kolle P, Tschoep K, Issels RD, Daniel PT, Conrad M, and
Bornkamm GW. The cystine/cysteine cycle: a redox cycle
regulating susceptibility versus resistance to cell death.
Oncogene 27: 1618–1628, 2008.

30 POLICASTRO ET AL.

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 30



23. Banning A, Kipp A, Schmitmeier S, Lowinger M, Florian S,
Krehl S, Thalmann S, Thierbach R, Steinberg P, and Bri-
gelius-Flohe R. Glutathione peroxidase 2 inhibits cycloox-
ygenase-2-mediated migration and invasion of HT-29
adenocarcinoma cells but supports their growth as tumors
in nude mice. Cancer Res 68: 9746–9753, 2008.

24. Bedard K and Krause KH. The NOX family of ROS-gen-
erating NADPH oxidases: physiology and pathophysi-
ology. Physiol Rev 87: 245–313, 2007.

25. Bergers G and Benjamin LE. Tumorigenesis and the an-
giogenic switch. Nat Rev Cancer 3: 401–410, 2003.

26. Bertout JA, Patel SA, and Simon MC. The impact of O2

availability on human cancer. Nat Rev Cancer 8: 967–975,
2008.

27. Bissell MJ and Radisky D. Putting tumours in context. Nat
Rev Cancer 1: 46–54, 2001.

28. Bornstein P. Matricellular proteins: an overview. J Cell
Commun Signal 3: 163–165, 2009.

29. Borrelli A, Schiattarella A, Mancini R, Morrica B, Cerciello V,
Mormile M, d’Alesio V, Bottalico L, Morelli F, D’Armiento
M, D’Armiento FP, and Mancini A. A recombinant MnSOD
is radioprotective for normal cells and radiosensitizing for
tumor cells. Free Radic Biol Med 46: 110–116, 2009.

30. Brahimi-Horn MC, Bellot G, and Pouyssegur J. Hypoxia
and energetic tumour metabolism. Curr Opin Genet Dev 21:
67–72, 2011.

31. Brahimi-Horn MC, Chiche J, and Pouyssegur J. Hypoxia
signalling controls metabolic demand. Curr Opin Cell Biol
19: 223–229, 2007.

32. Brand MD. The sites and topology of mitochondrial su-
peroxide production. Exp Gerontol 45: 466–472, 2010.

33. Bristow RG and Hill RP. Hypoxia and metabolism. Hy-
poxia, DNA repair and genetic instability. Nat Rev Cancer 8:
180–192, 2008.

34. Brown JM and Wilson WR. Exploiting tumour hypoxia in
cancer treatment. Nat Rev Cancer 4: 437–447, 2004.

35. Bussolati B, Deregibus MC, and Camussi G. Characteriza-
tion of molecular and functional alterations of tumor en-
dothelial cells to design anti-angiogenic strategies. Curr
Vasc Pharmacol 8: 220–232, 2010.

36. Bussolati B, Grange C, and Camussi G. Tumor exploits
alternative strategies to achieve vascularization. FASEB J
25, 2874–2882, 2011.

37. Cabarcas SM, Mathews LA, and Farrar WL. The cancer
stem cell niche-there goes the neighborhood? Int J Cancer
129: 2315–2327, 2011.

38. Cadenas E, Boveris A, Ragan CI, and Stoppani AO. Pro-
duction of superoxide radicals and hydrogen peroxide by
NADH-ubiquinone reductase and ubiquinol-cytochrome c
reductase from beef-heart mitochondria. Arch Biochem Bio-
phys 180: 248–257, 1977.

39. Cairns RA, Harris IS, and Mak TW. Regulation of cancer
cell metabolism. Nat Rev Cancer 11: 85–95, 2011.

40. Cao Y, Cao R, and Hedlund EM. R Regulation of tumor
angiogenesis and metastasis by FGF and PDGF signaling
pathways. J Mol Med (Berl) 86: 785–789, 2008.

41. Carmeliet P and Jain RK. Angiogenesis in cancer and other
diseases. Nature 407: 249–257, 2000.

42. Carr A and Frei B. Does vitamin C act as a pro-oxidant
under physiological conditions? FASEB J 13: 1007–1024,
1999.

43. Carreras MC and Poderoso JJ. Mitochondrial nitric oxide in
the signaling of cell integrated responses. Am J Physiol Cell
Physiol 292: C1569–C1580, 2007.

44. Ceccarelli J, Delfino L, Zappia E, Castellani P, Borghi M,
Ferrini S, Tosetti F, and Rubartelli A. The redox state of the
lung cancer microenvironment depends on the levels of
thioredoxin expressed by tumor cells and affects tumor
progression and response to prooxidants. Int J Cancer 123:
1770–1778, 2008. b AU6

45. Chandel NS, McClintock DS, Feliciano CE, Wood TM,
Melendez JA, Rodriguez AM, and Schumacker PT. Re-
active oxygen species generated at mitochondrial complex
III stabilize hypoxia-inducible factor-1alpha during hyp-
oxia: a mechanism of O2 sensing. J Biol Chem 275: 25130–
25138, 2000.

46. Chandramathi S, Suresh K, Anita ZB, and Kuppusamy UR.
Comparative assessment of urinary oxidative indices in
breast and colorectal cancer patients. J Cancer Res Clin Oncol
135: 319–323, 2009.

47. Chang D, Wang F, Zhao YS, and Pan HZ. Evaluation of
oxidative stress in colorectal cancer patients. Biomed En-
viron Sci 21: 286–289, 2008.

48. Chang Q, Pan J, Wang X, Zhang Z, Chen F, and Shi X.
Reduced reactive oxygen species-generating capacity con-
tributes to the enhanced cell growth of arsenic-transformed
epithelial cells. Cancer Res 70: 5127–5135, 2010.

49. Che ZM, Jung TH, Choi JH, Yoon do J, Jeong HJ, Lee EJ,
and Kim J. Collagen-based co-culture for invasive study on
cancer cells-fibroblasts interaction. Biochem Biophys Res
Commun 346: 268–275, 2006.

50. Chen K and Chen X. Positron emission tomography im-
aging of cancer biology: current status and future pros-
pects. Semin Oncol 38: 70–86, 2011.

51. Chen MF, Keng PC, Shau H, Wu CT, Hu YC, Liao SK, and
Chen WC. Inhibition of lung tumor growth and augmen-
tation of radiosensitivity by decreasing peroxiredoxin I
expression. Int J Radiat Oncol Biol Phys 64: 581–591, 2006.

52. Chen MF, Lee KD, Yeh CH, Chen WC, Huang WS, Chin
CC, Lin PY, and Wang JY. Role of peroxiredoxin I in rectal
cancer and related to p53 status. Int J Radiat Oncol Biol Phys
78: 868–878, 2010.

53. Chen RS, Song YM, Zhou ZY, Tong T, Li Y, Fu M, Guo XL,
Dong LJ, He X, Qiao HX, Zhan QM, and Li W. Disruption
of xCT inhibits cancer cell metastasis via the caveolin-1/
beta-catenin pathway. Oncogene 28: 599–609, 2009.

54. Cheng MY, Lee IP, Jin M, Sun G, Zhao H, Steinberg GK,
and Sapolsky RM. An insult-inducible vector system acti-
vated by hypoxia and oxidative stress for neuronal gene
therapy. Transl Stroke Res 2: 92–100, 2011.

55. This reference has been deleted b AU7.
56. Chiche J, Brahimi-Horn MC, and Pouyssegur J. Tumour

hypoxia induces a metabolic shift causing acidosis: a
common feature in cancer. J Cell Mol Med 14: 771–794, 2010.

57. Chiche J, Ilc K, Laferriere J, Trottier E, Dayan F, Mazure
NM, Brahimi-Horn MC, and Pouyssegur J. Hypoxia-
inducible carbonic anhydrase IX and XII promote tumor
cell growth by counteracting acidosis through the regula-
tion of the intracellular pH. Cancer Res 69: 358–368, 2009.

58. Christofk HR, Vander Heiden MG, Wu N, Asara JM, and
Cantley LC. Pyruvate kinase M2 is a phosphotyrosine-
binding protein. Nature 452: 181–186, 2008.

59. Chua PJ, Lee EH, Yu Y, Yip GW, Tan PH, and Bay BH.
Silencing the peroxiredoxin III gene inhibits cell prolifera-
tion in breast cancer. Int J Oncol 36: 359–364, 2010.

60. Church SL, Grant JW, Ridnour LA, Oberley LW, Swanson
PE, Meltzer PS, and Trent JM. Increased manganese su-
peroxide dismutase expression suppresses the malignant

ROS AND CANCER GENE THERAPEUTICS 31

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 31



phenotype of human melanoma cells. Proc Natl Acad Sci U
S A 90: 3113–3117, 1993.

61. Circu ML and Aw TY. Reactive oxygen species, cellular
redox systems, and apoptosis. Free Radic Biol Med 48: 749–
762, 2010.

62. Citrin D, Camphausen K, Wood BJ, Quezado M, Denobile
J, Pingpank JF, Royal RE, Alexander HR, Seidel G, Stein-
berg SM, Shuttack Y, and Libutti SK. A pilot feasibility
study of TNFerade biologic with capecitabine and radiation
therapy followed by surgical resection for the treatment of
rectal cancer. Oncology 79: 382–388, 2010.

63. Clevers H. The cancer stem cell: premises, promises and
challenges. Nat Med 17: 313–319, 2011.

64. Corzo CA, Condamine T, Lu L, Cotter MJ, Youn JI, Cheng
P, Cho HI, Celis E, Quiceno DG, Padhya T, McCaffrey TV,
McCaffrey JC, and Gabrilovich DI. HIF-1alpha regulates
function and differentiation of myeloid-derived suppressor
cells in the tumor microenvironment. J Exp Med 207: 2439–
2453, 2010.

65. Corzo CA, Cotter MJ, Cheng P, Cheng F, Kusmartsev S,
Sotomayor E, Padhya T, McCaffrey TV, McCaffrey JC, and
Gabrilovich DI. Mechanism regulating reactive oxygen
species in tumor-induced myeloid-derived suppressor cells.
J Immunol 182: 5693–5701, 2009.

66. Coulter JA, McCarthy HO, Worthington J, Robson T, Scott S,
and Hirst DG. The radiation-inducible pE9 promoter driving
inducible nitric oxide synthase radiosensitizes hypoxic tu-
mour cells to radiation. Gene Ther 15: 495–503, 2008.

67. Coussens LM and Werb Z. Inflammation and cancer. Nat-
ure 420: 860–867, 2002.

68. Cox TR and Erler JT. Remodeling and homeostasis of the
extracellular matrix: implications for fibrotic diseases and
cancer. Dis Model Mech 4: 165–178, 2011.

69. Cutler RG, Plummer J, Chowdhury K, and Heward C.
Oxidative stress profiling: part II. Theory, technology, and
practice. Ann N Y Acad Sci 1055: 136–158, 2005.

70. Datta R, Taneja N, Sukhatme VP, Qureshi SA, Weichsel-
baum R, and Kufe DW. Reactive oxygen intermediates
target CC(A/T)6GG sequences to mediate activation of the
early growth response 1 transcription factor gene by ion-
izing radiation. Proc Natl Acad Sci U S A 90: 2419–2422,
1993.

71. De Simoni S, Goemaere J, and Knoops B. Silencing of per-
oxiredoxin 3 and peroxiredoxin 5 reveals the role of mito-
chondrial peroxiredoxins in the protection of human
neuroblastoma SH-SY5Y cells toward MPP + . Neurosci Lett
433: 219–224, 2008.

72. de Visser KE, Eichten A, and Coussens LM. Paradoxical
roles of the immune system during cancer development.
Nat Rev Cancer 6: 24–37, 2006.

73. Dearling JL, Flynn AA, Sutcliffe-Goulden J, Petrie IA,
Boden R, Green AJ, Boxer GM, Begent RH, and Pedley RB.
Analysis of the regional uptake of radiolabeled deox-
yglucose analogs in human tumor xenografts. J Nucl Med
45: 101–107, 2004.

74. DeBerardinis RJ, Lum JJ, Hatzivassiliou G, and Thomp-
son CB. The biology of cancer: metabolic reprogramming
fuels cell growth and proliferation. Cell Metab 7: 11–20,
2008.

75. Demizu Y, Sasaki R, Trachootham D, Pelicano H, Cola-
cino JA, Liu J, and Huang P. Alterations of cellular redox
state during NNK-induced malignant transformation and
resistance to radiation. Antioxid Redox Signal 10: 951–961,
2008.

76. DeNardo DG, Andreu P, and Coussens LM. Interactions
between lymphocytes and myeloid cells regulate pro- ver-
sus anti-tumor immunity. Cancer Metastasis Rev 29: 309–
316, 2010.

77. DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A,
Wei C, Frese K, Mangal D, Yu KH, Yeo CJ, Calhoun ES,
Scrimieri F, Winter JM, Hruban RH, Iacobuzio-Donahue C,
Kern SE, Blair IA, and Tuveson DA. Oncogene-induced
Nrf2 transcription promotes ROS detoxification and tu-
morigenesis. Nature 475: 106–109, 2011.

78. Denko NC. Hypoxia, HIF1 and glucose metabolism in the
solid tumour. Nat Rev Cancer 8: 705–713, 2008.

79. Dewhirst MW. Relationships between cycling hypoxia,
HIF-1, angiogenesis and oxidative stress. Radiat Res 172:
653–665, 2009.

80. Dewhirst MW, Cao Y, and Moeller B. Cycling hypoxia and
free radicals regulate angiogenesis and radiotherapy re-
sponse. Nat Rev Cancer 8: 425–437, 2008.

81. Diaz B, Shani G, Pass I, Anderson D, Quintavalle M, and
Courtneidge SA. Tks5-dependent, nox-mediated genera-
tion of reactive oxygen species is necessary for invadopodia
formation. Sci Signal 2: ra53, 2009.

82. Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp
AN, Qian D, Lam JS, Ailles LE, Wong M, Joshua B, Kaplan
MJ, Wapnir I, Dirbas FM, Somlo G, Garberoglio C, Paz B,
Shen J, Lau SK, Quake SR, Brown JM, Weissman IL, and
Clarke MF. Association of reactive oxygen species levels
and radioresistance in cancer stem cells. Nature 458: 780–
783, 2009.

83. Ding WQ and Lind SE. Phospholipid hydroperoxide glu-
tathione peroxidase plays a role in protecting cancer cells
from docosahexaenoic acid-induced cytotoxicity. Mol Can-
cer Ther 6: 1467–1474, 2007.

84. Dixit D, Sharma V, Ghosh S, Koul N, Mishra PK, and Sen E.
Manumycin inhibits STAT3, telomerase activity, and growth
of glioma cells by elevating intracellular reactive oxygen
species generation. Free Radic Biol Med 47: 364–374, 2009.

85. Dlaskova A, Hlavata L, and Jezek P. Oxidative stress
caused by blocking of mitochondrial complex I H( + )
pumping as a link in aging/disease vicious cycle. Int J
Biochem Cell Biol 40: 1792–1805, 2008.

86. Dome B, Hendrix MJ, Paku S, Tovari J, and Timar J. Al-
ternative vascularization mechanisms in cancer: pathology
and therapeutic implications. Am J Pathol 170: 1–15, 2007.

87. Droge W. Free radicals in the physiological control of cell
function. Physiol Rev 82: 47–95, 2002.

88. Du J, Liu J, Smith BJ, Tsao MS, and Cullen JJ. Role of Rac1-
dependent NADPH oxidase in the growth of pancreatic
cancer. Cancer Gene Ther 18: 135–143, 2011.

89. Dunn LL, Buckle AM, Cooke JP, and Ng MK. The emerging
role of the thioredoxin system in angiogenesis. Arterioscler
Thromb Vasc Biol 30: 2089–2098, 2010.

90. Elsabahy M, Nazarali A, and Foldvari M. Non-viral nucleic
acid delivery: key challenges and future directions. Curr
Drug Deliv 8: 235–244, 2011.

91. Epperly MW, Melendez JA, Zhang X, Nie S, Pearce L, Pe-
terson J, Franicola D, Dixon T, Greenberger BA, Komanduri
P, Wang H, and Greenberger JS. Mitochondrial targeting of
a catalase transgene product by plasmid liposomes in-
creases radioresistance in vitro and in vivo. Radiat Res 171:
588–595, 2009.

92. Epperly MW, Wegner R, Kanai AJ, Kagan V, Greenberger
EE, Nie S, and Greenberger JS. Effects of MnSOD-plasmid
liposome gene therapy on antioxidant levels in irradiated

32 POLICASTRO ET AL.

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 32



murine oral cavity orthotopic tumors. Radiat Res 167: 289–
297, 2007.

93. Eriksson SE, Prast-Nielsen S, Flaberg E, Szekely L, and
Arner ES. High levels of thioredoxin reductase 1 modulate
drug-specific cytotoxic efficacy. Free Radic Biol Med 47:
1661–1671, 2009.

94. Evans MD, Dizdaroglu M, and Cooke MS. Oxidative DNA
damage and disease: induction, repair and significance.
Mutat Res 567: 1–61, 2004.

95. Fang J, Seki T, and Maeda H. Therapeutic strategies by
modulating oxygen stress in cancer and inflammation. Adv
Drug Deliv Rev 61: 290–302, 2009.

96. Federico A, Morgillo F, Tuccillo C, Ciardiello F, and Lo-
guercio C. Chronic inflammation and oxidative stress in
human carcinogenesis. Int J Cancer 121: 2381–2386, 2007.

97. Ferbeyre G and Moriggl R. The role of Stat5 transcription
factors as tumor suppressors or oncogenes. Biochim Biophys
Acta 1815: 104–114, 2011.

98. Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer
J, Edinger M, Gottfried E, Schwarz S, Rothe G, Hoves S,
Renner K, Timischl B, Mackensen A, Kunz-Schughart L,
Andreesen R, Krause SW, and Kreutz M. Inhibitory effect
of tumor cell-derived lactic acid on human T cells. Blood
109: 3812–3819, 2007.

99. Folberg R, Hendrix MJ, and Maniotis AJ. Vasculogenic
mimicry and tumor angiogenesis. Am J Pathol 156: 361–381,
2000.

100. Folkman J. Tumor angiogenesis: therapeutic implications.
N Engl J Med 285: 1182–1186, 1971.

101. Frey RS, Ushio-Fukai M, and Malik AB. NADPH oxidase-
dependent signaling in endothelial cells: role in physiology
and pathophysiology. Antioxid Redox Signal 11: 791–810,
2009.

102. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L,
Worthen GS, and Albelda SM. Polarization of tumor-asso-
ciated neutrophil phenotype by TGF-beta: ‘‘N1’’ versus
‘‘N2’’ TAN. Cancer Cell 16: 183–194, 2009.

103. Fruehauf JP and Meyskens FL, Jr. Reactive oxygen species:
a breath of life or death? Clin Cancer Res 13: 789–794, 2007.

104. Fukumura D, Duda DG, Munn LL, and Jain RK. Tumor
microvasculature and microenvironment: novel insights
through intravital imaging in pre-clinical models. Micro-
circulation 17: 206–225, 2010.

105. Funes JM, Quintero M, Henderson S, Martinez D, Qureshi
U, Westwood C, Clements MO, Bourboulia D, Pedley RB,
Moncada S, and Boshoff C. Transformation of human
mesenchymal stem cells increases their dependency on
oxidative phosphorylation for energy production. Proc Natl
Acad Sci U S A 104: 6223–6228, 2007.

106. Gaengel K, Genove G, Armulik A, and Betsholtz C. En-
dothelial-mural cell signaling in vascular development and
angiogenesis. Arterioscler Thromb Vasc Biol 29: 630–638,
2009.

107. Garrido-Urbani S, Jemelin S, Deffert C, Carnesecchi S,
Basset O, Szyndralewiez C, Heitz F, Page P, Montet X,
Michalik L, Arbiser J, Ruegg C, Krause KH, and Imhof BA.
Targeting vascular NADPH oxidase 1 blocks tumor an-
giogenesis through a PPARalpha mediated mechanism.
PLoS One 6: e14665, 2011.

108. Garzon R, Calin GA, and Croce CM. MicroRNAs in cancer.
Annu Rev Med 60: 167–179, 2009.

109. Gatenby RA, Gawlinski ET, Gmitro AF, Kaylor B, and
Gillies RJ. Acid-mediated tumor invasion: a multidisci-
plinary study. Cancer Res 66: 5216–5223, 2006.

110. Giannoni E, Bianchini F, Calorini L, and Chiarugi P. Cancer
associated fibroblasts exploit reactive oxygen species
through a proinflammatory signature leading to epithelial
mesenchymal transition and stemness. Antioxid Redox Sig-
nal 14: 2361–2371, 2011.

111. Giembycz MA and Lindsay MA. Pharmacology of the eo-
sinophil. Pharmacol Rev 51: 213–340, 1999.

112. Gius D and Spitz DR. Redox signaling in cancer biology.
Antioxid Redox Signal 8: 1249–1252, 2006.

113. Glorieux C, Dejeans N, Sid B, Beck R, Calderon PB, and
Verrax J. Catalase overexpression in mammary cancer cells
leads to a less aggressive phenotype and an altered response
to chemotherapy. Biochem Pharmacol 82: 1384–1390, 2011.

114. Goh J, Enns L, Fatemie S, Hopkins H, Morton J, Pettan-
Brewer C, and Ladiges W. Mitochondrial targeted catalase
suppresses invasive breast cancer in mice. BMC Cancer 11:
191, 2011.

115. Gordillo G, Fang H, Park H, and Roy S. Nox-4-dependent
nuclear H2O2 drives DNA oxidation resulting in 8-OHdG
as urinary biomarker and hemangioendothelioma forma-
tion. Antioxid Redox Signal 12: 933–943, 2010.

116. Graves JA, Rothermund K, Wang T, Qian W, Van Houten
B, and Prochownik EV. Point mutations in c-Myc uncouple
neoplastic transformation from multiple other phenotypes
in rat fibroblasts. PLoS One 5: e13717, 2010.

117. Gregory AD and Houghton AM. Tumor-associated neu-
trophils: new targets for cancer therapy. Cancer Res 71:
2411–2416, 2011.

118. Greither T, Wurl P, Grochola L, Bond G, Bache M, Kappler
M, Lautenschlager C, Holzhausen HJ, Wach S, Eckert AW,
and Taubert H. Expression of microRNA 210 associates
with poor survival and age of tumor onset of soft-tissue
sarcoma patients. Int J Cancer 130: 1230–1235, 2012.

119. Grek CL and Tew KD. Redox metabolism and malignancy.
Curr Opin Pharmacol 10: 362–368, 2010.

120. Hanahan D and Weinberg RA. Hallmarks of cancer: the
next generation. Cell 144: 646–674, 2011.

121. Harrison R. Physiological roles of xanthine oxidoreductase.
Drug Metab Rev 36: 363–375, 2004.

122. Hashizume H, Baluk P, Morikawa S, McLean JW, Thurston
G, Roberge S, Jain RK, and McDonald DM. Openings be-
tween defective endothelial cells explain tumor vessel
leakiness. Am J Pathol 156: 1363–1380, 2000.

123. Hatfield DL, Yoo MH, Carlson BA, and Gladyshev VN.
Selenoproteins that function in cancer prevention and
promotion. Biochim Biophys Acta 1790: 1541–1545, 2009.

124. Hayes JD and McMahon M. NRF2 and KEAP1 mutations:
permanent activation of an adaptive response in cancer.
Trends Biochem Sci 34: 176–188, 2009.

125. Hogg RT, Thorpe P, and Gerard RD. Retargeting adeno-
viral vectors to improve gene transfer into tumors. Cancer
Gene Ther 18: 275–287, 2011.

126. Hole PS, Pearn L, Tonks AJ, James PE, Burnett AK, Darley
RL, and Tonks A. Ras-induced reactive oxygen species
promote growth factor-independent proliferation in human
CD34 + hematopoietic progenitor cells. Blood 115: 1238–
1246, 2010.

127. Honeggar M, Beck R, and Moos PJ. Thioredoxin reductase
1 ablation sensitizes colon cancer cells to methylseleninate-
mediated cytotoxicity. Toxicol Appl Pharmacol 241: 348–355,
2009.

128. Houghton AM. The paradox of tumor-associated neutro-
phils: fueling tumor growth with cytotoxic substances. Cell
Cycle 9: 1732–1737, 2010.

ROS AND CANCER GENE THERAPEUTICS 33

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 33



129. Hsieh CH, Chang HT, Shen WC, Shyu WC, and Liu RS.
Imaging the impact of Nox4 in cycling hypoxia-mediated
U87 glioblastoma invasion and infiltration. Mol Imaging Biol
14: 489–499, 2012.

130. Hu Y, Rosen DG, Zhou Y, Feng L, Yang G, Liu J, and
Huang P. Mitochondrial manganese-superoxide dismutase
expression in ovarian cancer: role in cell proliferation and
response to oxidative stress. J Biol Chem 280: 39485–39492,
2005.

131. Hurttila H, Koponen JK, Kansanen E, Jyrkkanen HK, Ki-
vela A, Kylatie R, Yla-Herttuala S, and Levonen AL. Oxi-
dative stress-inducible lentiviral vectors for gene therapy.
Gene Ther 15: 1271–1279, 2008.

132. Hwang ES and Kim GH. Biomarkers for oxidative stress
status of DNA, lipids, and proteins in vitro and in vivo
cancer research. Toxicology 229: 1–10, 2007.

133. Hynes RO. The extracellular matrix: not just pretty fibrils.
Science 326: 1216–1219, 2009.

134. Ibanez IL, Policastro LL, Tropper I, Bracalente C, Palmieri
MA, Rojas PA, Molinari BL, and Duran H. H2O2 scaveng-
ing inhibits G1/S transition by increasing nuclear levels of
p27KIP1. Cancer Lett 305: 58–68, 2011.

135. Ido A, Uto H, Moriuchi A, Nagata K, Onaga Y, Onaga M,
Hori T, Hirono S, Hayashi K, Tamaoki T, and Tsubouchi H.
Gene therapy targeting for hepatocellular carcinoma: se-
lective and enhanced suicide gene expression regulated by
a hypoxia-inducible enhancer linked to a human alpha-
fetoprotein promoter. Cancer Res 61: 3016–3021, 2001.

136. Indo HP, Davidson M, Yen HC, Suenaga S, Tomita K,
Nishii T, Higuchi M, Koga Y, Ozawa T, and Majima HJ.
Evidence of ROS generation by mitochondria in cells with
impaired electron transport chain and mitochondrial DNA
damage. Mitochondrion 7: 106–118, 2007.

137. Irani K, Xia Y, Zweier JL, Sollott SJ, Der CJ, Fearon ER,
Sundaresan M, Finkel T, and Goldschmidt-Clermont PJ.
Mitogenic signaling mediated by oxidants in Ras-trans-
formed fibroblasts. Science 275: 1649–1652, 1997.

138. Ishikawa K, Takenaga K, Akimoto M, Koshikawa N,
Yamaguchi A, Imanishi H, Nakada K, Honma Y, and
Hayashi J. ROS-generating mitochondrial DNA mutations
can regulate tumor cell metastasis. Science 320: 661–664,
2008.

139. Jaruga P, Zastawny TH, Skokowski J, Dizdaroglu M, and
Olinski R. Oxidative DNA base damage and antioxidant
enzyme activities in human lung cancer. FEBS Lett 341: 59–
64, 1994.

140. Jezek P and Plecita-Hlavata L. Mitochondrial reticulum
network dynamics in relation to oxidative stress, redox
regulation, and hypoxia. Int J Biochem Cell Biol 41: 1790–
1804, 2009.

141. Jiang J, Tang YL, and Liang XH. EMT: a new vision of
hypoxia promoting cancer progression. Cancer Biol Ther 11:
714–723, 2011.

142. Jiang T, Chen N, Zhao F, Wang XJ, Kong B, Zheng W, and
Zhang DD. High levels of Nrf2 determine chemoresistance
in type II endometrial cancer. Cancer Res 70: 5486–5496,
2010.

143. Jin C, Rajabi H, and Kufe D. miR-1226 targets expression of
the mucin 1 oncoprotein and induces cell death. Int J Oncol
37: 61–69, 2010.

144. Jochems C and Schlom J. Tumor-infiltrating immune cells
and prognosis: the potential link between conventional
cancer therapy and immunity. Exp Biol Med (Maywood) 236:
567–579, 2011.

145. Jones RG and Thompson CB. Tumor suppressors and cell
metabolism: a recipe for cancer growth. Genes Dev 23: 537–
548, 2009.

146. Jose C, Bellance N, and Rossignol R. Choosing between
glycolysis and oxidative phosphorylation: a tumor’s di-
lemma? Biochim Biophys Acta 1807: 552–561, 2011.

147. Jozkowicz A, Was H, and Dulak J. Heme oxygenase-1 in
tumors: is it a false friend? Antioxid Redox Signal 9: 2099–
2117, 2007.

148. Kaelin WG, Jr. The von Hippel-Lindau tumour suppressor
protein: O2 sensing and cancer. Nat Rev Cancer 8: 865–873,
2008.

149. Kaelin WG, Jr., and Ratcliffe PJ. Oxygen sensing by meta-
zoans: the central role of the HIF hydroxylase pathway.
Mol Cell 30: 393–402, 2008.

150. Kalinina EV, Chernov NN, and Saprin AN. Involvement of
thio-, peroxi-, and glutaredoxins in cellular redox-depen-
dent processes. Biochemistry (Mosc) 73: 1493–1510, 2008.

151. Kamata T. Roles of Nox1 and other Nox isoforms in cancer
development. Cancer Sci 100: 1382–1388, 2009.

152. Kamp DW, Shacter E, and Weitzman SA. Chronic inflam-
mation and cancer: the role of the mitochondria. Oncology
(Williston Park) 25: 400–410, 413, 2011.

153. Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent
L, Costa C, MacDonald DD, Jin DK, Shido K, Kerns SA,
Zhu Z, Hicklin D, Wu Y, Port JL, Altorki N, Port ER,
Ruggero D, Shmelkov SV, Jensen KK, Rafii S, and Lyden
D. VEGFR1-positive haematopoietic bone marrow pro-
genitors initiate the pre-metastatic niche. Nature 438: 820–
827, 2005.

154. Karihtala P, Kauppila S, Soini Y, and Arja Jukkola V. Oxi-
dative stress and counteracting mechanisms in hormone
receptor positive, triple-negative and basal-like breast car-
cinomas. BMC Cancer 11: 262, 2011.

155. Keith B and Simon MC. Hypoxia-inducible factors, stem
cells, and cancer. Cell 129: 465–472, 2007.

156. Kensler TW, Wakabayashi N, and Biswal S. Cell survival
responses to environmental stresses via the Keap1-Nrf2-
ARE pathway. Annu Rev Pharmacol Toxicol 47: 89–116, 2007.

157. Kepp O, Galluzzi L, Lipinski M, Yuan J, and Kroemer G.
Cell death assays for drug discovery. Nat Rev Drug Discov
10: 221–237, 2011.

158. Kim HM, Haraguchi N, Ishii H, Ohkuma M, Okano M,
Mimori K, Eguchi H, Yamamoto H, Nagano H, Sekimoto
M, Doki Y, and Mori M. Increased CD13 Expression re-
duces reactive oxygen species, promoting survival of liver
cancer stem cells via an epithelial-mesenchymal transition-
like phenomenon. Ann Surg Oncol 19: 539–548, 2011.

159. Kim SJ, Miyoshi Y, Taguchi T, Tamaki Y, Nakamura H,
Yodoi J, Kato K, and Noguchi S. High thioredoxin
expression is associated with resistance to docetaxel in
primary breast cancer. Clin Cancer Res 11: 8425–8430,
2005.

160. Kim YR, Eom JI, Kim SJ, Jeung HK, Cheong JW, Kim JS,
and Min YH. Myeloperoxidase expression as a potential
determinant of parthenolide-induced apoptosis in leukemia
bulk and leukemia stem cells. J Pharmacol Exp Ther 335:
389–400, 2010.

161. Kinnula VL and Crapo JD. Superoxide dismutases in ma-
lignant cells and human tumors. Free Radic Biol Med 36:
718–744, 2004.

162. Klimova T and Chandel NS. Mitochondrial complex III
regulates hypoxic activation of HIF. Cell Death Differ 15:
660–666, 2008.

34 POLICASTRO ET AL.

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 34



163. Klotzsch E, Smith ML, Kubow KE, Muntwyler S, Little WC,
Beyeler F, Gourdon D, Nelson BJ, and Vogel V. Fibronectin
forms the most extensible biological fibers displaying
switchable force-exposed cryptic binding sites. Proc Natl
Acad Sci U S A 106: 18267–18272, 2009.

164. Kobayashi A, Kang MI, Okawa H, Ohtsuji M, Zenke Y,
Chiba T, Igarashi K, and Yamamoto M. Oxidative stress
sensor Keap1 functions as an adaptor for Cul3-based E3
ligase to regulate proteasomal degradation of Nrf2. Mol Cell
Biol 24: 7130–7139, 2004.

165. Kobayashi A, Ohta T, and Yamamoto M. Unique function
of the Nrf2-Keap1 pathway in the inducible expression of
antioxidant and detoxifying enzymes. Methods Enzymol
378: 273–286, 2004.

166. Kondo S, Toyokuni S, Iwasa Y, Tanaka T, Onodera H, Hiai
H, and Imamura M. Persistent oxidative stress in human
colorectal carcinoma, but not in adenoma. Free Radic Biol
Med 27: 401–410, 1999.

167. Kong Q, Beel JA, and Lillehei KO. A threshold concept for
cancer therapy. Med Hypotheses 55: 29–35, 2000.

168. Koppenol WH, Bounds PL, and Dang CV. Otto Warburg’s
contributions to current concepts of cancer metabolism. Nat
Rev Cancer 11: 325–337, 2011.

169. Kowaltowski AJ, de Souza-Pinto NC, and Castilho RF,
Vercesi AE. Mitochondria and reactive oxygen species. Free
Radic Biol Med 47: 333–343, 2009.

170. Krishna S, Low IC, and Pervaiz S. Regulation of mito-
chondrial metabolism: yet another facet in the biology of
the oncoprotein Bcl-2. Biochem J 435: 545–551, 2011.

171. Kroemer G and Pouyssegur J. Tumor cell metabolism:
cancer’s Achilles’ heel. Cancer Cell 13: 472–482, 2008.

172. Kuo HW, Chou SY, Hu TW, Wu FY, and Chen DJ. Urinary
8-hydroxy-2¢-deoxyguanosine (8-OHdG) and genetic poly-
morphisms in breast cancer patients. Mutat Res 631: 62–68,
2007.

173. Ladelfa MF, Toledo MF, Laiseca JE, and Monte M. Inter-
action of p53 with tumor suppressive and oncogenic sig-
naling pathways to control cellular reactive oxygen
species production. Antioxid Redox Signal 15: 1749–1761,
2011.

174. Lambeth JD. NOX enzymes and the biology of reactive
oxygen. Nat Rev Immunol 4: 181–189, 2004.

175. Landriscina M, Maddalena F, Laudiero G, and Esposito F.
Adaptation to oxidative stress, chemoresistance, and cell
survival. Antioxid Redox Signal 11: 2701–2716, 2009.

176. Lardner A. The effects of extracellular pH on immune
function. J Leukoc Biol 69: 522–530, 2001.

177. Lau A, Villeneuve NF, Sun Z, Wong PK, and Zhang DD.
Dual roles of Nrf2 in cancer. Pharmacol Res 58: 262–270,
2008.

178. Lawenda BD, Kelly KM, Ladas EJ, Sagar SM, Vickers A,
and Blumberg JB. Should supplemental antioxidant ad-
ministration be avoided during chemotherapy and radia-
tion therapy? J Natl Cancer Inst 100: 773–783, 2008.

179. Le XF, Merchant O, Bast RC, and Calin GA. The Roles of
microRNAs in the cancer invasion-metastasis cascade.
Cancer Microenviron 3: 137–147, 2010.

180. Lee JJ, Jacobsen EA, McGarry MP, Schleimer RP, and Lee
NA. Eosinophils in health and disease: the LIAR hypothe-
sis. Clin Exp Allergy 40: 563–575, 2010.

181. Lei Y, Huang K, Gao C, Lau QC, Pan H, Xie K, Li J, Liu R,
Zhang T, Xie N, Shan Nai H, Wu H, Zhao X, E CN, Huang
C, and Wei Y. Proteomics identification of ITGB3 as a
key regulator in ROS-induced migration and invasion

of colorectal cancer cells. Mol Cell Proteomics 10:
M110.0053972011.

182. Leite de Oliveira R, Hamm A, and Mazzone M. Growing
tumor vessels: more than one way to skin a cat - implica-
tions for angiogenesis targeted cancer therapies. Mol As-
pects Med 32: 71–87, 2011.

183. Levine AJ and Puzio-Kuter AM. The control of the meta-
bolic switch in cancers by oncogenes and tumor suppressor
genes. Science 330: 1340–1344, 2010.

184. Li HJ, Everts M, Pereboeva L, Komarova S, Idan A, Curiel
DT, and Herschman HR. Adenovirus tumor targeting and
hepatic untargeting by a coxsackie/adenovirus receptor
ectodomain anti-carcinoembryonic antigen bispecific
adapter. Cancer Res 67: 5354–5361, 2007.

185. Li LZ, Zhou R, Xu HN, Moon L, Zhong T, Kim EJ, Qiao H,
Reddy R, Leeper D, Chance B, and Glickson JD. Quanti-
tative magnetic resonance and optical imaging biomarkers
of melanoma metastatic potential. Proc Natl Acad Sci U S A
106: 6608–6613, 2009.

186. Li Z and Rich JN. Hypoxia and hypoxia inducible factors in
cancer stem cell maintenance. Curr Top Microbiol Immunol
345: 21–30, 2010.

187. Limon-Pacheco J and Gonsebatt ME. The role of antioxi-
dants and antioxidant-related enzymes in protective re-
sponses to environmentally induced oxidative stress. Mutat
Res 674: 137–147, 2009.

188. Lisanti MP, Martinez-Outschoorn UE, Chiavarina B, Pav-
lides S, Whitaker-Menezes D, Tsirigos A, Witkiewicz A, Lin
Z, Balliet R, Howell A, and Sotgia F. Understanding the
‘‘lethal’’ drivers of tumor-stroma co-evolution: emerging
role(s) for hypoxia, oxidative stress and autophagy/mito-
phagy in the tumor micro-environment. Cancer Biol Ther 10:
537–542, 2010.

189. Liu J, Cao L, Chen J, Song S, Lee IH, Quijano C, Liu H,
Keyvanfar K, Chen H, Cao LY, Ahn BH, Kumar NG, Ro-
vira, II, Xu XL, van Lohuizen M, Motoyama N, Deng CX,
and Finkel T. Bmi1 regulates mitochondrial function and
the DNA damage response pathway. Nature 459: 387–392,
2009.

190. Liu J, Du J, Zhang Y, Sun W, Smith BJ, Oberley LW, and
Cullen JJ. Suppression of the malignant phenotype in
pancreatic cancer by overexpression of phospholipid hy-
droperoxide glutathione peroxidase. Hum Gene Ther 17:
105–116, 2006.

191. Liu J, Hinkhouse MM, Sun W, Weydert CJ, Ritchie JM,
Oberley LW, and Cullen JJ. Redox regulation of pancreatic
cancer cell growth: role of glutathione peroxidase in the
suppression of the malignant phenotype. Hum Gene Ther
15: 239–250, 2004.

192. Llera AS, Girotti MR, Benedetti LG and Podhajcer OL.
Matricellular proteins and inflammatory cells: a task force
to promote or defeat cancer? Cytokine Growth Factor Rev 21:
67–76, 2010.

193. Lopez CA, Kimchi ET, Mauceri HJ, Park JO, Mehta N,
Murphy KT, Beckett MA, Hellman S, Posner MC, Kufe
DW, and Weichselbaum RR. Chemoinducible gene thera-
py: a strategy to enhance doxorubicin antitumor activity.
Mol Cancer Ther 3: 1167–1175, 2004.

194. Lopez-Lazaro M. Excessive superoxide anion generation
plays a key role in carcinogenesis. Int J Cancer 120: 1378–
1380, 2007.

195. Lu JM, Lin PH, Yao Q, and Chen C. Chemical and molec-
ular mechanisms of antioxidants: experimental approaches
and model systems. J Cell Mol Med 14: 840–860, 2010.

ROS AND CANCER GENE THERAPEUTICS 35

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 35



196. Lu X and Kang Y. Hypoxia and hypoxia-inducible factors:
master regulators of metastasis. Clin Cancer Res 16: 5928–
5935, 2010.

197. Lu Y and Madu CO. Viral-based gene delivery and regu-
lated gene expression for targeted cancer therapy. Expert
Opin Drug Deliv 7: 19–35, 2010.

198. Ma D, Warabi E, Yanagawa T, Kimura S, Harada H, Ya-
magata K, and Ishii T. Peroxiredoxin I plays a protective
role against cisplatin cytotoxicity through mitogen acti-
vated kinase signals. Oral Oncol 45: 1037–1043, 2009.

199. Ma Y, Aymeric L, Locher C, Kroemer G, and Zitvogel L.
The dendritic cell-tumor cross-talk in cancer. Curr Opin
Immunol 23: 146–152, 2011.

200. Maciag A, Sithanandam G, and Anderson LM. Mutant K-
rasV12 increases COX-2, peroxides and DNA damage in
lung cells. Carcinogenesis 25: 2231–2237, 2004.

201. Majmundar AJ, Wong WJ, and Simon MC. Hypoxia-
inducible factors and the response to hypoxic stress. Mol
Cell 40: 294–309, 2010.

202. Maltby S, Khazaie K, and McNagny KM. Mast cells in tu-
mor growth: angiogenesis, tissue remodelling and im-
mune-modulation. Biochim Biophys Acta 1796: 19–26, 2009.

203. Mannello F. What does matrix metalloproteinase-1 ex-
pression in patients with breast cancer really tell us? BMC
Med 9: 95, 2011.

204. Mannello F, Medda V, and Tonti GA. Hypoxia and neural
stem cells: from invertebrates to brain cancer stem cells. Int
J Dev Biol 55: 569–581, 2011.

205. Mannello F, Qin W, Zhu W, Fabbri L, Tonti GA, and
Sauter ER. Nipple aspirate fluids from women with breast
cancer contain increased levels of group IIa secretory
phospholipase A2. Breast Cancer Res Treat 111: 209–218,
2008.

206. Mannello F, Tonti GA, and Medda V. Protein oxidation in
breast microenvironment: nipple aspirate fluid collected
from breast cancer women contains increased protein car-
bonyl concentration. Cell Oncol 31: 383–392, 2009.

207. Mannello F, Tonti GA, Pederzoli A, Simone P, Smaniotto A,
and Medda V. Detection of superoxide dismutase-1 in
nipple aspirate fluids: a reactive oxygen species-regulating
enzyme in the breast cancer microenvironment. Clin Breast
Cancer 10: 238–45, 2010.

208. Mantovani A, Savino B, Locati M, Zammataro L, Allavena
P, and Bonecchi R. The chemokine system in cancer
biology and therapy. Cytokine Growth Factor Rev 21: 27–39,
2010.

209. Mantovani A, Sozzani S, Locati M, Allavena P, and Sica A.
Macrophage polarization: tumor-associated macrophages
as a paradigm for polarized M2 mononuclear phagocytes.
Trends Immunol 23: 549–555, 2002.

210. Martinez-Outschoorn UE, Balliet RM, Rivadeneira DB,
Chiavarina B, Pavlides S, Wang C, Whitaker-Menezes D,
Daumer KM, Lin Z, Witkiewicz AK, Flomenberg N,
Howell A, Pestell RG, Knudsen ES, Sotgia F, and Lisanti
MP. Oxidative stress in cancer associated fibroblasts
drives tumor-stroma co-evolution: a new paradigm for
understanding tumor metabolism, the field effect and
genomic instability in cancer cells. Cell Cycle 9: 3256–
3276, 2010.

211. Martinez-Outschoorn UE, Trimmer C, Lin Z, Whitaker-
Menezes D, Chiavarina B, Zhou J, Wang C, Pavlides S,
Martinez-Cantarin MP, Capozza F, Witkiewicz AK, Flo-
menberg N, Howell A, Pestell RG, Caro J, Lisanti MP, and
Sotgia F. Autophagy in cancer associated fibroblasts pro-

motes tumor cell survival: role of hypoxia, HIF1 induction
and NFkappaB activation in the tumor stromal microen-
vironment. Cell Cycle 9: 3515–3533, 2010.

212. Mathew R and White E. Autophagy in tumorigenesis and
energy metabolism: friend by day, foe by night. Curr Opin
Genet Dev 21: 113–119, 2011.

213. Matsumoto S, Yasui H, Mitchell JB, and Krishna MC.
Imaging cycling tumor hypoxia. Cancer Res 70: 10019–
10023, 2010.

214. Mazumdar J, Dondeti V, and Simon MC. Hypoxia-induc-
ible factors in stem cells and cancer. J Cell Mol Med 13:
4319–4328, 2009.

215. Mazurek S, Boschek CB, Hugo F, and Eigenbrodt E. Pyr-
uvate kinase type M2 and its role in tumor growth and
spreading. Semin Cancer Biol 15: 300–308, 2005.

216. Meyer Y, Buchanan BB, Vignols F, and Reichheld JP.
Thioredoxins and glutaredoxins: unifying elements in re-
dox biology. Annu Rev Genet 43: 335–367, 2009.

217. Miller TW, Isenberg JS, and Roberts DD. Molecular regu-
lation of tumor angiogenesis and perfusion via redox sig-
naling. Chem Rev 109: 3099–3124, 2009.

218. Min JY, Lim SO, and Jung G. Downregulation of catalase
by reactive oxygen species via hypermethylation of CpG
island II on the catalase promoter. FEBS Lett 584: 2427–
2432, 2010.

219. Mochizuki T, Furuta S, Mitsushita J, Shang WH, Ito M,
Yokoo Y, Yamaura M, Ishizone S, Nakayama J, Konagai
A, Hirose K, Kiyosawa K, and Kamata T. Inhibition of
NADPH oxidase 4 activates apoptosis via the AKT/
apoptosis signal-regulating kinase 1 pathway in pancre-
atic cancer PANC-1 cells. Oncogene 25: 3699–3707, 2006.

220. Mohyeldin A, Garzon-Muvdi T, and Quinones-Hinojosa A.
Oxygen in stem cell biology: a critical component of the
stem cell niche. Cell Stem Cell 7: 150–161, 2010.

221. Morabito F, Cristani M, Saija A, Stelitano C, Callea V, To-
maino A, Minciullo PL, and Gangemi S. Lipid peroxidation
and protein oxidation in patients affected by Hodgkin’s
lymphoma. Mediators Inflamm 13: 381–383, 2004.

222. Moreno-Sanchez R, Rodriguez-Enriquez S, Saavedra E,
Marin-Hernandez A, and Gallardo-Perez JC. The bioener-
getics of cancer: is glycolysis the main ATP supplier in all
tumor cells? Biofactors 35: 209–225, 2009.

223. Morgan D, Cherny VV, Murphy R, Katz BZ, and De-
Coursey TE. The pH dependence of NADPH oxidase in
human eosinophils. J Physiol 569: 419–431, 2005.

224. Morikawa S, Baluk P, Kaidoh T, Haskell A, Jain RK, and
McDonald DM. Abnormalities in pericytes on blood vessels
and endothelial sprouts in tumors. Am J Pathol 160: 985–
1000, 2002.

225. Murakami A and Ohigashi H. Targeting NOX, INOS and
COX-2 in inflammatory cells: chemoprevention using food
phytochemicals. Int J Cancer 121: 2357–2363, 2007.

226. Mytar B, Woloszyn M, Macura-Biegun A, Hajto B, Rug-
giero I, Piekarska B, and Zembala M. Involvement of pat-
tern recognition receptors in the induction of cytokines and
reactive oxygen intermediates production by human
monocytes/macrophages stimulated with tumour cells.
Anticancer Res 24: 2287–2293, 2004.

227. Nagaraj S and Gabrilovich DI. Tumor escape mechanism
governed by myeloid-derived suppressor cells. Cancer Res
68: 2561–2563, 2008.

228. Naiki-Ito A, Asamoto M, Hokaiwado N, Takahashi S,
Yamashita H, Tsuda H, Ogawa K, and Shirai T. Gpx2 is an
overexpressed gene in rat breast cancers induced by three

36 POLICASTRO ET AL.

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 36



different chemical carcinogens. Cancer Res 67: 11353–
11358, 2007.

229. Neumann CA and Fang Q. Are peroxiredoxins tumor
suppressors? Curr Opin Pharmacol 7: 375–380, 2007.

230. Niture SK and Jaiswal AK. Nrf2 protein up-regulates an-
tiapoptotic protein Bcl-2 and prevents cellular apoptosis. J
Biol Chem 287: 9873–9886, 2012.

231. Oberley LW. Mechanism of the tumor suppressive effect of
MnSOD overexpression. Biomed Pharmacother 59: 143–148,
2005.

232. Oberley LW and Buettner GR. Role of superoxide dis-
mutase in cancer: a review. Cancer Res 39: 1141–1149, 1979.

233. Oldberg A, Kalamajski S, Salnikov AV, Stuhr L, Morgelin
M, Reed RK, Heldin NE, and Rubin K. Collagen-binding
proteoglycan fibromodulin can determine stroma matrix
structure and fluid balance in experimental carcinoma. Proc
Natl Acad Sci U S A 104: 13966–13971, 2007.

234. Onumah OE, Jules GE, Zhao Y, Zhou L, Yang H, and Guo
Z. Overexpression of catalase delays G0/G1- to S-phase
transition during cell cycle progression in mouse aortic
endothelial cells. Free Radic Biol Med 46: 1658–1667, 2009.

235. Ostrand-Rosenberg S and Sinha P. Myeloid-derived sup-
pressor cells: linking inflammation and cancer. J Immunol
182: 4499–4506, 2009.

236. Ozben T. Oxidative stress and apoptosis: impact on cancer
therapy. J Pharm Sci 96: 2181–2196, 2007.

237. Pani G, Galeotti T, and Chiarugi P. Metastasis: cancer cell’s
escape from oxidative stress. Cancer Metastasis Rev 29: 351–
378, 2010.

238. Pani G, Giannoni E, Galeotti T, and Chiarugi P. Redox-
based escape mechanism from death: the cancer lesson.
Antioxid Redox Signal 11: 2791–2806, 2009.

239. Papp LV, Lu J, Holmgren A, and Khanna KK. From sele-
nium to selenoproteins: synthesis, identity, and their role in
human health. Antioxid Redox Signal 9: 775–806, 2007.

240. Park JJ, Chang HW, Jeong EJ, Roh JL, Choi SH, Jeon SY,
Ko GH, and Kim SY. Peroxiredoxin IV protects cells from
radiation-induced apoptosis in head-and-neck squamous
cell carcinoma. Int J Radiat Oncol Biol Phys 73: 1196–1202,
2009.

241. Parks SK, Chiche J, and Pouyssegur J. pH control mecha-
nisms of tumor survival and growth. J Cell Physiol 226: 299–
308, 2011.

242. Pasqualini R, Arap W, and McDonald DM. Probing the
structural and molecular diversity of tumor vasculature.
Trends Mol Med 8: 563–571, 2002.

243. Perumal SS, Shanthi P, and Sachdanandam P. Combined
efficacy of tamoxifen and coenzyme Q10 on the status of
lipid peroxidation and antioxidants in DMBA induced
breast cancer. Mol Cell Biochem 273: 151–160, 2005.

244. Phang JM, Pandhare J, Zabirnyk O, and Liu Y. PPAR-
gamma and proline oxidase in cancer. PPAR Res 2008:
542694, 2008.

245. Pietras K and Ostman A. Hallmarks of cancer: interactions
with the tumor stroma. Exp Cell Res 316: 1324–1331, 2010.

246. Ping YF and Bian XW. Cancer stem cells switch on tumor
neovascularization. Curr Mol Med 11: 69–75, 2011.

247. Pizzo AM, Kokini K, Vaughn LC, Waisner BZ, and Voytik-
Harbin SL. Extracellular matrix (ECM) microstructural
composition regulates local cell-ECM biomechanics and
fundamental fibroblast behavior: a multidimensional per-
spective. J Appl Physiol 98: 1909–1921, 2005.

248. Poerschke RL and Moos PJ. Thioredoxin reductase 1
knockdown enhances selenazolidine cytotoxicity in human

lung cancer cells via mitochondrial dysfunction. Biochem
Pharmacol 81: 211–221, 2011.

249. Policastro L, Molinari B, Larcher F, Blanco P, Podhajcer OL,
Costa CS, Rojas P, and Duran H. Imbalance of antioxidant
enzymes in tumor cells and inhibition of proliferation and
malignant features by scavenging hydrogen peroxide. Mol
Carcinog 39: 103–113, 2004.

250. Policastro LL, Ibanez IL, Duran HA, Soria G, Gottifredi V,
and Podhajcer OL. Suppression of cancer growth by non-
viral gene therapy based on a novel reactive oxygen
species-responsive promoter. Mol Ther 17: 1355–1364, 2009.

251. Pries AR, Cornelissen AJ, Sloot AA, Hinkeldey M, Dreher
MR, Hopfner M, Dewhirst MW, and Secomb TW. Struc-
tural adaptation and heterogeneity of normal and tumor
microvascular networks. PLoS Comput Biol 5: e1000394,
2009.

252. Provenzano PP, Inman DR, Eliceiri KW, Knittel JG, Yan L,
Rueden CT, White JG, and Keely PJ. Collagen density
promotes mammary tumor initiation and progression.
BMC Med 6: 11, 2008.

253. Prow T, Grebe R, Merges C, Smith JN, McLeod DS, Leary
JF, and Lutty GA. Nanoparticle tethered antioxidant re-
sponse element as a biosensor for oxygen induced toxicity
in retinal endothelial cells. Mol Vis 12: 616–625, 2006.

254. Puzio-Kuter AM. The role of p53 in metabolic regulation.
Genes Cancer 2: 385–391, 2011.

255. Qu Y, Wang J, Ray PS, Guo H, Huang J, Shin-Sim M, Bu-
koye BA, Liu B, Lee AV, Lin X, Huang P, Martens JW,
Giuliano AE, Zhang N, Cheng NH, and Cui X. Thior-
edoxin-like 2 regulates human cancer cell growth and me-
tastasis via redox homeostasis and NF-kappaB signaling. J
Clin Invest 121: 212–225, 2011.

256. Qu Y, Zhao S, Hong J, and Tang S. Radiosensitive gene
therapy through imRNA expression for silencing manga-
nese superoxide dismutase. J Cancer Res Clin Oncol 136:
953–959, 2010.

257. Rabinowitz JD and White E. Autophagy and metabolism.
Science 330: 1344–1348, 2010.

258. Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM,
Fata JE, Leake D, Godden EL, Albertson DG, Nieto MA,
Werb Z, and Bissell MJ. Rac1b and reactive oxygen species
mediate MMP-3-induced EMT and genomic instability.
Nature 436: 123–127, 2005.

259. Rafii S, Heissig B, and Hattori K. Efficient mobilization and
recruitment of marrow-derived endothelial and hemato-
poietic stem cells by adenoviral vectors expressing angio-
genic factors. Gene Ther 9: 631–641, 2002.

260. Raica M, Cimpean AM, and Ribatti D. Angiogenesis in pre-
malignant conditions. Eur J Cancer 45: 1924–1934, 2009.

261. Raimundo N, Baysal BE, and Shadel GS. Revisiting the
TCA cycle: signaling to tumor formation. Trends Mol Med
17: 641–649, 2012.

262. Raj L, Ide T, Gurkar AU, Foley M, Schenone M, Li X, Tol-
liday NJ, Golub TR, Carr SA, Shamji AF, Stern AM, Man-
dinova A, Schreiber SL, and Lee SW. Selective killing of
cancer cells by a small molecule targeting the stress re-
sponse to ROS. Nature 475: 231–234, 2011.

263. Ralph SJ, Rodriguez-Enriquez S, Neuzil J, Saavedra E, and
Moreno-Sanchez R. The causes of cancer revisited: ‘‘mito-
chondrial malignancy’’ and ROS-induced oncogenic trans-
formation - why mitochondria are targets for cancer
therapy. Mol Aspects Med 31: 145–170, 2010.

264. Rankin EB and Giaccia AJ. The role of hypoxia-inducible
factors in tumorigenesis. Cell Death Differ 15: 678–685, 2008.

ROS AND CANCER GENE THERAPEUTICS 37

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 37



265. Rao Gogineni V, Kumar Nalla A, Gupta R, Gorantla B,
Gujrati M, Dinh DH, and Rao JS. Radiation-inducible si-
lencing of uPA and uPAR in vitro and in vivo in meningi-
oma. Int J Oncol 36: 809–816, 2010.

266. Ravi D, Muniyappa H, and Das KC. Endogenous thior-
edoxin is required for redox cycling of anthracyclines and
p53-dependent apoptosis in cancer cells. J Biol Chem 280:
40084–40096, 2005.

267. Ray R and Shah AM. NADPH oxidase and endothelial cell
function. Clin Sci (Lond) 109: 217–226, 2005.

268. Reddy NM, Kleeberger SR, Bream JH, Fallon PG, Kensler
TW, Yamamoto M, and Reddy SP. Genetic disruption of
the Nrf2 compromises cell-cycle progression by impairing
GSH-induced redox signaling. Oncogene 27: 5821–5832,
2008.

269. Rhee SG, Bae YS, Lee SR, and Kwon J. Hydrogen peroxide:
a key messenger that modulates protein phosphorylation
through cysteine oxidation. Sci STKE 2000: pe1, 2000.

270. Riemann A, Schneider B, Ihling A, Nowak M, Sauvant C,
Thews O, and Gekle M. Acidic environment leads to ROS-
induced MAPK signaling in cancer cells. PLoS One 6:
e22445, 2011.

271. Saga Y, Ohwada M, Suzuki M, Konno R, Kigawa J, Ueno S,
and Mano H. Glutathione peroxidase 3 is a candidate
mechanism of anticancer drug resistance of ovarian clear
cell adenocarcinoma. Oncol Rep 20: 1299–1303, 2008.

272. Samant RS and Shevde LA. Recent advances in anti-
angiogenic therapy of cancer. Oncotarget 2: 122–134, 2011.

273. Sampson N, Koziel R, Zenzmaier C, Bubendorf L, Plas E,
Jansen-Durr P, and Berger P. ROS signaling by NOX4
drives fibroblast-to-myofibroblast differentiation in the
diseased prostatic stroma. Mol Endocrinol 25: 503–515, 2011.

274. Sarsour EH, Kumar MG, Chaudhuri L, Kalen AL, and
Goswami PC. Redox control of the cell cycle in health and
disease. Antioxid Redox Signal 11: 2985–3011, 2009.

275. Scherz-Shouval R and Elazar Z. Regulation of autophagy
by ROS: physiology and pathology. Trends Biochem Sci 36:
30–38, 2011.

276. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev
Cancer 3: 721–732, 2003.

277. Sharma A, Li X, Bangari DS, and Mittal SK. Adenovirus
receptors and their implications in gene delivery. Virus Res
143: 184–194, 2009.

278. Shlomai J. Redox control of protein-DNA interactions: from
molecular mechanisms to significance in signal transduc-
tion, gene expression, and DNA replication. Antioxid Redox
Signal 13: 1429–1476, 2010.

279. Shoshan-Barmatz V, De Pinto V, Zweckstetter M, Raviv Z,
Keinan N, and Arbel N. VDAC, a multi-functional mito-
chondrial protein regulating cell life and death. Mol Aspects
Med 31: 227–285, 2010.

280. Sica A. Role of tumour-associated macrophages in cancer-
related inflammation. Exp Oncol 32: 153–158, 2010.

281. Sica A, Larghi P, Mancino A, Rubino L, Porta C, Totaro
MG, Rimoldi M, Biswas SK, Allavena P, and Mantovani A.
Macrophage polarization in tumour progression. Semin
Cancer Biol 18: 349–355, 2008.

282. Sims GP, Rowe DC, Rietdijk ST, Herbst R, and Coyle AJ.
HMGB1 and RAGE in inflammation and cancer. Annu Rev
Immunol 28: 367–388, 2010.

283. Singh A, Boldin-Adamsky S, Thimmulappa RK, Rath SK,
Ashush H, Coulter J, Blackford A, Goodman SN, Bunz F,
Watson WH, Gabrielson E, Feinstein E, and Biswal S.
RNAi-mediated silencing of nuclear factor erythroid-2-

related factor 2 gene expression in non-small cell lung
cancer inhibits tumor growth and increases efficacy of
chemotherapy. Cancer Res 68: 7975–7984, 2008.

284. Smolkova K, Plecita-Hlavata L, Bellance N, Benard G,
Rossignol R, and Jezek P. Waves of gene regulation sup-
press and then restore oxidative phosphorylation in cancer
cells. Int J Biochem Cell Biol 43: 950–968.

285. This reference has been deleted b AU7.
286. Soini Y, Kahlos K, Napankangas U, Kaarteenaho-Wiik R,

Saily M, Koistinen P, Paaakko P, Holmgren A, and Kinnula
VL. Widespread expression of thioredoxin and thioredoxin
reductase in non-small cell lung carcinoma. Clin Cancer Res
7: 1750–1757, 2001.

287. Solaini G, Baracca A, Lenaz G, and Sgarbi G. Hypoxia and
mitochondrial oxidative metabolism. Biochim Biophys Acta
1797: 1171–1177, 2010.

288. Sotgia F, Martinez-Outschoorn UE, and Lisanti MP. Mi-
tochondrial oxidative stress drives tumor progression and
metastasis: should we use antioxidants as a key component
of cancer treatment and prevention? BMC Med 9: 62, 2011.

289. St-Pierre J, Buckingham JA, Roebuck SJ, and Brand MD.
Topology of superoxide production from different sites in
the mitochondrial electron transport chain. J Biol Chem 277:
44784–44790, 2002.

290. Stone JR and Yang S. Hydrogen peroxide: a signaling
messenger. Antioxid Redox Signal 8: 243–270, 2006.

291. Swietach P, Hulikova A, Vaughan-Jones RD, and Harris
AL. New insights into the physiological role of carbonic
anhydrase IX in tumour pH regulation. Oncogene 29: 6509–
6521, 2010.

292. Szatrowski TP and Nathan CF. Production of large
amounts of hydrogen peroxide by human tumor cells.
Cancer Res 51: 794–798, 1991.

293. Taddei ML, Parri M, Mello T, Catalano A, Levine AD,
Raugei G, Ramponi G, and Chiarugi P. Integrin-mediated
cell adhesion and spreading engage different sources of re-
active oxygen species. Antioxid Redox Signal 9: 469–481, 2007.

294. Taguchi K, Motohashi H, and Yamamoto M. Molecular
mechanisms of the Keap1-Nrf2 pathway in stress response
and cancer evolution. Genes Cells 16: 123–140, 2011.

295. Tang D, Kang R, Zeh HJ, 3rd, and Lotze MT. High-mobility
group box 1 and cancer. Biochim Biophys Acta 1799: 131–140,
2010.

296. Tang D, Kang R, Zeh HJ, 3rd, and Lotze MT. High-mobility
group box 1, oxidative stress, and disease. Antioxid Redox
Signal 14: 1315–1335, 2011.

297. Teoh ML, Fitzgerald MP, Oberley LW, and Domann FE.
Overexpression of extracellular superoxide dismutase at-
tenuates heparanase expression and inhibits breast carci-
noma cell growth and invasion. Cancer Res 69: 6355–6363,
2009.

298. Teoh ML, Sun W, Smith BJ, Oberley LW, and Cullen JJ.
Modulation of reactive oxygen species in pancreatic cancer.
Clin Cancer Res 13: 7441–7450, 2007.

299. Thapa D and Ghosh R. Antioxidants for prostate cancer
chemoprevention: challenges and opportunities. Biochem
Pharmacol 83: 1319–1330, 2012.

300. Thomlinson RH and Gray LH. The histological structure of
some human lung cancers and the possible implications for
radiotherapy. Br J Cancer 9: 539–549, 1955.

301. Tlsty TD and Coussens LM. Tumor stroma and regulation
of cancer development. Annu Rev Pathol 1: 119–150, 2006.

302. Toppo S, Flohe L, Ursini F, Vanin S, and Maiorino M.
Catalytic mechanisms and specificities of glutathione

38 POLICASTRO ET AL.

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 38



peroxidases: variations of a basic scheme. Biochim Biophys
Acta 1790: 1486–1500, 2009.

303. Toyokuni S, Okamoto K, Yodoi J, and Hiai H. Persistent
oxidative stress in cancer. FEBS Lett 358: 1–3, 1995.

304. Trachootham D, Alexandre J, and Huang P. Targeting
cancer cells by ROS-mediated mechanisms: a radical ther-
apeutic approach? Nat Rev Drug Discov 8: 579–591, 2009.

305. Trimmer C, Sotgia F, Whitaker-Menezes D, Balliet RM,
Eaton G, Martinez-Outschoorn UE, Pavlides S, Howell A,
Iozzo RV, Pestell RG, Scherer PE, Capozza F, and Lisanti
MP. Caveolin-1 and mitochondrial SOD2 (MnSOD) func-
tion as tumor suppressors in the stromal microenviron-
ment: a new genetically tractable model for human cancer
associated fibroblasts. Cancer Biol Ther 11: 383–394, 2011.

306. Tu BP, and Weissman JS. Oxidative protein folding in eu-
karyotes: mechanisms and consequences. J Cell Biol 164:
341–346, 2004.

307. Tuzgen S, Hanimoglu H, Tanriverdi T, Kacira T, Sanus GZ,
Atukeren P, Dashti R, Gumustas K, Canbaz B, and Kaynar
MY. Relationship between DNA damage and total antiox-
idant capacity in patients with glioblastoma multiforme.
Clin Oncol (R Coll Radiol) 19: 177–181, 2007.

308. Ueta E, Yoneda K, Kimura T, Tatemoto Y, Doi S, Yama-
moto T, and Osaki T. Mn-SOD antisense upregulates in vivo
apoptosis of squamous cell carcinoma cells by anticancer
drugs and gamma-rays regulating expression of the BCL-2
family proteins, COX-2 and p21. Int J Cancer 94: 545–550,
2001.

309. Ungerstedt JS, Sowa Y, Xu WS, Shao Y, Dokmanovic M,
Perez G, Ngo L, Holmgren A, Jiang X, and Marks PA. Role
of thioredoxin in the response of normal and transformed
cells to histone deacetylase inhibitors. Proc Natl Acad Sci
U S A 102: 673–678, 2005.

310. Ushio-Fukai M. Redox signaling in angiogenesis: role of
NADPH oxidase. Cardiovasc Res 71: 226–235, 2006.

311. Ushio-Fukai M and Nakamura Y. Reactive oxygen species
and angiogenesis: NADPH oxidase as target for cancer
therapy. Cancer Lett 266: 37–52, 2008.

312. Ushio-Fukai M and Urao N. Novel role of NADPH oxidase
in angiogenesis and stem/progenitor cell function. Antioxid
Redox Signal 11: 2517–2533, 2009.

313. Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, and
Telser J. Free radicals and antioxidants in normal physio-
logical functions and human disease. Int J Biochem Cell Biol
39: 44–84, 2007.

314. Vaupel P. Hypoxia and aggressive tumor phenotype: im-
plications for therapy and prognosis. Oncologist 13 Suppl 3:
21–26, 2008.

315. Venkataraman S, Alimova I, Fan R, Harris P, Foreman N,
and Vibhakar R. MicroRNA 128a increases intracellular
ROS level by targeting Bmi-1 and inhibits medulloblastoma
cancer cell growth by promoting senescence. PLoS One 5:
e10748, 2010.

316. Verschoor ML, Wilson LA, and Singh G. Mechanisms as-
sociated with mitochondrial-generated reactive oxygen
species in cancer. Can J Physiol Pharmacol 88: 204–219, 2010.

317. Vivas-Mejia PE, Ozpolat B, Chen X, and Lopez-Berestein G.
Downregulation of the c-MYC target gene, peroxiredoxin
III, contributes to arsenic trioxide-induced apoptosis in
acute promyelocytic leukemia. Int J Cancer 125: 264–275,
2009.

318. Voss MJ, Niggemann B, Zanker KS, and Entschladen F.
Tumour reactions to hypoxia. Curr Mol Med 10: 381–386,
2010.

319. Walsh B, Pearl A, Suchy S, Tartaglio J, Visco K, and Phelan
SA. Overexpression of Prdx6 and resistance to peroxide-
induced death in Hepa1-6 cells: Prdx suppression increases
apoptosis. Redox Rep 14: 275–284, 2009.

320. Wang C, Song B, Song W, Liu J, Sun A, Wu D, Yu H, Lian J,
Chen L, and Han J. Underexpressed microRNA-199b-5p
targets hypoxia-inducible factor-1alpha in hepatocellular
carcinoma and predicts prognosis of hepatocellular carci-
noma patients. J Gastroenterol Hepatol 26: 1630–1637, 2011.

321. Wang J and Yi J. Cancer cell killing via ROS: to increase or
decrease, that is the question. Cancer Biol Ther 7: 1875–1884,
2008.

322. Wang T, Tamae D, LeBon T, Shively JE, Yen Y, and Li JJ.
The role of peroxiredoxin II in radiation-resistant MCF-7
breast cancer cells. Cancer Res 65: 10338–10346, 2005.

323. Warburg O. On the origin of cancer cells. Science 123: 309–
314, 1956.

324. Waypa GB, Marks JD, Guzy R, Mungai PT, Schriewer J,
Dokic D, and Schumacker PT. Hypoxia triggers subcellular
compartmental redox signaling in vascular smooth muscle
cells. Circ Res 106: 526–535, 2010.

325. Weinberg F and Chandel NS. Reactive oxygen species-de-
pendent signaling regulates cancer. Cell Mol Life Sci 66:
3663–3673, 2009.

326. Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Jo-
seph J, Lopez M, Kalyanaraman B, Mutlu GM, Budinger
GR, and Chandel NS. Mitochondrial metabolism and ROS
generation are essential for Kras-mediated tumorigenicity.
Proc Natl Acad Sci U S A 107: 8788–8793, 2010.

327. Weir B, Zhao X, and Meyerson M. Somatic alterations in
the human cancer genome. Cancer Cell 6: 433–438, 2004.

328. Wenger RH, Stiehl DP, and Camenisch G. Integration of
oxygen signaling at the consensus HRE. Sci STKE 2005:
re12, 2005.

329. Werner E and Werb Z. Integrins engage mitochondrial
function for signal transduction by a mechanism dependent
on Rho GTPases. J Cell Biol 158: 357–368, 2002.

330. Weydert CJ, Zhang Y, Sun W, Waugh TA, Teoh ML, An-
dringa KK, Aykin-Burns N, Spitz DR, Smith BJ, and
Oberley LW. Increased oxidative stress created by adeno-
viral MnSOD or CuZnSOD plus BCNU (1,3-bis(2-chlor-
oethyl)-1-nitrosourea) inhibits breast cancer cell growth.
Free Radic Biol Med 44: 856–867, 2008.

331. Wilson A and Trumpp A. Bone-marrow haematopoietic-
stem-cell niches. Nat Rev Immunol 6: 93–106, 2006.

332. Wilson WR and Hay MP. Targeting hypoxia in cancer
therapy. Nat Rev Cancer 11: 393–410, 2011.

333. Wood ZA, Schroder E, Robin Harris J, and Poole LB.
Structure, mechanism and regulation of peroxiredoxins.
Trends Biochem Sci 28: 32–40, 2003.

334. Wu RF and Terada LS. Ras and Nox: linked signaling
networks? Free Radic Biol Med 47: 1276–1281, 2009.

335. Xing F, Saidou J, and Watabe K. Cancer associated fibro-
blasts (CAFs) in tumor microenvironment. Front Biosci 15:
166–179, 2010.

336. Xiong J, Sun WJ, Wang WF, Liao ZK, Zhou FX, Kong HY,
Xu Y, Xie CH, and Zhou YF. Novel, chimeric, cancer-spe-
cific, and radiation-inducible gene promoters for suicide
gene therapy of cancer. Cancer 118: 536–548, 2012.

337. Xouri G and Christian S. Origin and function of tumor
stroma fibroblasts. Semin Cell Dev Biol 21: 40–46, 2010.

338. Xu HN, Nioka S, Glickson JD, Chance B, and Li LZ.
Quantitative mitochondrial redox imaging of breast cancer
metastatic potential. J Biomed Opt 15: 036010, 2010.

ROS AND CANCER GENE THERAPEUTICS 39

ARS-2011-4367-ver9-Policastro_1P.3d 08/20/12 3:48pm Page 39



339. Xu Y, Fang F, Zhang J, Josson S, St. Clair WH, and St. Clair
DK. miR-17* suppresses tumorigenicity of prostate cancer
by inhibiting mitochondrial antioxidant enzymes. PLoS One
5: e14356, 2010.

340. Yamakuchi M, Yagi S, Ito T, and Lowenstein CJ. Micro-
RNA-22 regulates hypoxia signaling in colon cancer cells.
PLoS One 6: e20291, 2011.

341. Yang Y, Tian Y, Yan C, Jin X, Tang J, and Shen X. De-
terminants of urinary 8-hydroxy-2¢-deoxyguanosine in
Chinese children with acute leukemia. Environ Toxicol 24:
446–452, 2009.

342. Ye XQ, Li Q, Wang GH, Sun FF, Huang GJ, Bian XW, Yu
SC, and Qian GS. Mitochondrial and energy metabolism-
related properties as novel indicators of lung cancer stem
cells. Int J Cancer 129: 820–831, 2011.

343. Yeh CC, Hou MF, Tsai SM, Lin SK, Hsiao JK, Huang JC,
Wang LH, Wu SH, Hou LA, Ma H, and Tsai LY. Super-
oxide anion radical, lipid peroxides and antioxidant status
in the blood of patients with breast cancer. Clin Chim Acta
361: 104–111, 2005.

344. Yeung BH, Wong KY, Lin MC, Wong CK, Mashima T,
Tsuruo T, and Wong AS. Chemosensitisation by manga-
nese superoxide dismutase inhibition is caspase-9 depen-
dent and involves extracellular signal-regulated kinase 1/2.
Br J Cancer 99: 283–293, 2008.

345. Yoo MH, Xu XM, Carlson BA, Patterson AD, Gladyshev
VN, and Hatfield DL. Targeting thioredoxin reductase 1
reduction in cancer cells inhibits self-sufficient growth and
DNA replication. PLoS One 2: e1112, 2007.

346. Zabirnyk O, Liu W, Khalil S, Sharma A, and Phang JM.
Oxidized low-density lipoproteins upregulate proline oxi-
dase to initiate ROS-dependent autophagy. Carcinogenesis
31: 446–454, 2010.

347. Zangar RC, Davydov DR, and Verma S. Mechanisms that
regulate production of reactive oxygen species by cyto-
chrome P450. Toxicol Appl Pharmacol 199: 316–331, 2004.

348. Zhang B, Wang Y, Liu K, Yang X, Song M, and Bai Y.
Adenovirus-mediated transfer of siRNA against peroxir-
edoxin I enhances the radiosensitivity of human intestinal
cancer. Biochem Pharmacol 75: 660–667, 2008.

349. Zhang B, Wang Y, and Su Y. Peroxiredoxins, a novel target
in cancer radiotherapy. Cancer Lett 286: 154–160, 2009.

350. Zhang DD. Mechanistic studies of the Nrf2-Keap1 signal-
ing pathway. Drug Metab Rev 38: 769–789, 2006.

351. Zhang L, Wu YD, Li P, Tu J, Niu YL, Xu CM, and Zhang
ST. Effects of cyclooxygenase-2 on human esophageal
squamous cell carcinoma. World J Gastroenterol 17: 4572–
4580, 2011.

352. Zhang X, Zheng Y, Fried LE, Du Y, Montano SJ, Sohn A,
Lefkove B, Holmgren L, Arbiser JL, Holmgren A, and Lu J.
Disruption of the mitochondrial thioredoxin system as a
cell death mechanism of cationic triphenylmethanes. Free
Radic Biol Med 50: 811–820, 2011.

353. Zhang Y, Du Y, Le W, Wang K, Kieffer N, and Zhang J.
Redox control of the survival of healthy and diseased cells.
Antioxid Redox Signal, 15: 2867–2908, 2011.

354. This reference has been deleted.AU7 c

355. Zhang Y, Gu J, Zhao L, He L, Qian W, Wang J, Wang Y,
Qian Q, Qian C, Wu J, and Liu XY. Complete elimination of
colorectal tumor xenograft by combined manganese su-
peroxide dismutase with tumor necrosis factor-related ap-
optosis-inducing ligand gene virotherapy. Cancer Res 66:
4291–4298, 2006.

356. Zhong L, D’Urso A, Toiber D, Sebastian C, Henry RE,
Vadysirisack DD, Guimaraes A, Marinelli B, Wikstrom JD,
Nir T, Clish CB, Vaitheesvaran B, Iliopoulos O, Kurland I,
Dor Y, Weissleder R, Shirihai OS, Ellisen LW, Espinosa JM,
and Mostoslavsky R. The histone deacetylase Sirt6 regu-
lates glucose homeostasis via Hif1alpha. Cell 140: 280–293,
2010.

357. Zielske SP, Spalding AC, Wicha MS, and Lawrence TS.
Ablation of breast cancer stem cells with radiation. Transl
Oncol 4: 227–233, 2011.

Address correspondence to:
Dr. Lucia Laura Policastro b AU8

Department of Micro and Nanotechnology
National Atomic Energy Commission

Av Gral 1499
Buenos Aires 1650

Argentina

E-mail: lpolicastro@leloir.org.ar

Dr. Osvaldo Podhajcer
Laboratory of Molecular and Cellular Therapy

Fundación Instituto Leloir
Av. Patricias Argentinas 435

Ciudad de Buenos Aires, C1405BWE
Argentina

E-mail: opodhajcer@leloir.org.ar

Date of first submission to ARS Central, October 26, 2011; date
of final revised submission, July 11, 2012; date of acceptance,
July 15, 2012.

Abbreviations Used

a-KG¼ a-ketoglutarate
a-SMA¼ a-smooth muscle actin

8-OHdG¼ 8-hydroxy-2¢-deoxyguanosine
AAV¼ adeno-associated virus
ACL¼ATP citrate lyase

Ad-GPx¼GPx adenovirus vector
ALDA¼ aldolase A
AMPK¼AMP-activated protein kinase
ANG-1¼ angiopoietin 1
ANG-2¼ angiopoietin 2

ANT¼ adenine nucleotide translocase
ARE¼ antioxidant-response element

ARNT¼ aryl hydrocarbon translocator
ATO¼ arsenic trioxide

B¼B cell lymphocyte
Bax¼Bcl-2-associated X protein
BG¼ brilliant green

BM-SPC¼ bone marrow-derived stromal progenitor cell
BM-SSC¼ bone marrow-derived stromal stem cell

BV¼ blood vessel
bZIP¼ basic leucine zipper
CAF¼ cancer-associated fibroblast
CAT¼ catalase

Cav-1¼ caveolin-1
CBP¼CREB-binding protein
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Abbreviations Used (Cont.)

CCND1¼ cyclin D1
CoQ¼ubiquinone
COX¼ cyclooxygenases

CREB¼AU4 c

CSCs¼ cancer stem cells
CTGF¼ connective tissue growth factor

CTL¼ cytotoxic lymphocyte
CuZn-SOD¼ copper–zinc SOD

CXCR4¼C-X-C chemokine receptor type 4
CYP¼ cytochrome P450

DAMPs¼damage-associated molecular pattern proteins
DC¼dendritic cell

DCF¼dichlorofluorescein
DCFDA¼dichlorofluorescein diacetate

DHA¼docosahexaenoic acid
DMBA¼ 7,12-dimethylbenz[a]anthracene

DOX¼doxorubicin
DUOX¼dual oxidase

EC¼ endothelial cell
ECM¼ extracellular matrix

EC-SOD¼ extracellular SOD
EGF¼ epithelial growth factor

Egr-1¼ early growth response-1
EMT¼ epithelial–mesenchymal transition

EndMT¼ endothelial-to-mesenchymal transition
ENO1¼ enolase 1

EPC¼ endothelial progenitor cell
EPO¼ erythropoietin

ER¼ endoplasmic reticulum
FAB¼fibroblast activation protein
FGF¼fibroblast growth factor
FH¼ fumarate hydratase

FIH¼ factor inhibiting HIF
FLK-1¼VEGF receptor 2
FLT-1¼VEGF receptor 1
GCLC¼ glutamate–cysteine ligase catalytic (GCLC)

and modifier subunits (GCLM)
GCV¼ gancyclovir

GLUT¼ glucose transporter
GM-CSF¼ granulocyte–macrophage colony-stimulating

factor
GPx¼ glutathione peroxidase
GR¼ glutathione reductase
Grx¼ glutaredoxin

GSH¼ reduced glutathione
GSSG¼ oxidized glutathione

GST¼ glutathione S-transferase
GT¼ gene therapy

H2O2¼hydrogen peroxide
HIF¼hypoxia-inducible factor
HK¼hexokinase

HMGB1¼high-mobility group box-l protein
hprt¼hypoxanthine–guanine phosphoribosyl

transferase
HREs¼hypoxia-response elements

HS¼heparan sulfate
hTERT¼human telomerase reverse transcriptase

hTNF-a¼human TNF-a
IFN¼ interferon

IGF-2¼ insulin growth factor-2
IGF-BP2¼ IGF-factor-binding protein 2

IL¼ interleukin
Inv CC¼ invasive cancer cell

iRNA¼ interference RNA
Keap-1¼ kelch-like ECH-associated protein 1
LCSCs¼ lung cancer stem cells

LDH¼ lactate dehydrogenase
LDHA¼ lactate dehydrogenase A

LOX¼ lysyl oxidase
LV¼ lymphatic vessel

MAPK¼mitogen-activated protein kinase
MC¼mast cell

MDSCs¼myeloid-derived suppressor cells
mETC¼mitochondrial electron transport chain

mhCAT¼mitochondrial-directed human CAT gene
miRNA¼microRNA

miRNA*¼miRNA precursors
MMP¼matrix metalloproteinase

Mn-SOD¼manganese SOD
MPO¼myeloperoxidase

MPP + ¼ 1-methyl-4-phenylpyridinium ion
mtDNA¼mitochondrial DNA

mTOR¼ b AU4

mtROS¼mitochondrial ROS
MXI-1¼max interactor 1
NAC¼N-acetyl cysteine

NK¼natural killer
NO¼nitric oxide

NOS¼NO synthase
NOX¼NADPH oxidase
Nrf2¼nuclear factor E2-related factor 2

OAA¼ oxaloacetate
OxLDL¼ oxidized low-density lipoprotein

OXPHOS¼ oxidative phosphorylation
P¼pericyte

PAI-1¼plasminogen activator inhibitor-1
PCD¼programmed cell death

PDGF¼platelet-derived growth factor
PDGF-B¼platelet-derived growth factor-B

PDK1¼pyruvate dehydrogenase kinase 1
PEP¼phosphoenol pyruvate

PFKL¼phosphofructokinase L
PGK1¼phosphoglycerate kinase 1
PHD¼prolyl hydroxylase

PhGPx¼phospholipid glutathione peroxidase
PK¼pyruvate kinase

PKM2¼pyruvate kinase isoform M2
PlGF¼placental growth factor
PMN¼polymorphonuclear leukocytes
POX¼proline oxidase

Prx¼peroxiredoxin
PTL¼parthenoline
PTP¼permeability transition pore
PTX¼paclitaxel

pVHL¼von Hippel-Lindau protein
RBC¼ red blood cell
ROS¼ reactive oxygen species
RTK¼ receptor tyrosine kinases

S100A4¼ S100 calcium-binding protein A4
SDF-1¼ stromal-derived factor 1

siRNA¼ small interfering RNA
SIRT3¼ sirtuin-3

SOD¼ superoxide dismutase
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Abbreviations Used (Cont.)

SPARC¼ secreted protein acidic and rich in cysteine
T CD4 + ¼T CD4 + cell lymphocyte
T CD8 + ¼T CD8 + cell lymphocyte

TAF¼ tumor-associated fibroblasts
TAM¼ tumor-associated macrophage
TAN¼ tumor-associated neutrophils

TBARS¼ thiobarbituric-acid-reactive substances
TCA¼ tricarboxylic acid

TF¼ transcription factors
TGF-b¼ transforming growth factor-b
TGF-a¼ transforming growth factor-a

TH¼T helper lymphocytes
TIE-2¼ angiopoietin receptor 2

TK¼ thymidine kinase gene
TKR¼ tyrosine kinase receptors

TMV¼ tumor-derived microvesicles
TNF-a¼ tumor necrosis factor-a

TPA¼ 12-O-tetradecanoylphorbol-13-acetate
TRAIL¼ tumor necrosis factor-related apoptosis-

inducing ligand
Trx¼ thioredoxin

Trx-(SH)2¼dithiol thioredoxin
TrxL2¼Trx-like 2
TrxR¼Trx reductase

Trx-S2¼disulfide thioredoxin
UPAR¼urokinase plasminogen activator receptor
VDAC¼voltage-dependent anion channel
VEGF¼vascular endothelial growth factor

VEGFRs¼VEGF receptors
VHL¼von Hippel-Lindau gene

XO¼ xanthine oxidase
XOR¼ xanthine oxidoreductase
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