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Reactive Oxygen Species:
The Achilles’ Heel of Cancer Cells?
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Abstract

Cancer development, progression, and metastasis are multistep processes. Accumulating evidence suggests that
reactive oxygen species (ROS) are critically involved in cancer cell functions. This Forum reviews our current
understanding of the important and paradoxical role of ROS in the regulation of tumor-associated cell prop-
erties, genes, and signaling pathways. The six reviews in this Forum showcase the up-to-date knowledge on how
ROS modulate or interact with the p53 protein, epithelial-mesenchymal transition, tumor stromal cells, angio-
genesis, and cancer stem cells, which are essential factors in cancer development and metastasis. The contri-
butions demonstrate that ROS levels in cancer cells are tightly controlled, which brings promises and challenges
in the development of novel ROS-targeted anticancer therapies. Further understanding of the biological
mechanisms underlying the effects of oxidative stress on tumor growth and metastasis will contribute to the

advancement of cancer biology and cancer treatment. Antioxid. Redox Signal. 16, 1212-1214.

Introduction

O XIDATIVE MODIFICATION of DNA, proteins, and lipids by
reactive oxygen species (ROS) plays a role in a wide
range of common diseases and degenerative conditions. ROS
can be generated by both endogenous and exogenous sources,
some of which are known to be carcinogenic. While ROS have
been shown to be deleterious to cells, they can also function as
signaling molecules to induce cellular adaptive responses to
stress or adverse microenvironment. In light of a large body of
evidence indicating that ROS are key players in tumor for-
mation and progression and the increasing complexity of
ROS-related biology, there is a compelling reason to review
and summarize current data on this field and disseminate
fresh ideas that may evolve to new research paradigms. This
Forum attempts to provide thought-provoking overviews of
existing concepts, novel findings, controversies, and chal-
lenges in regard to the role of ROS in cancer cell growth and
metastasis and the prospects of targeting ROS signaling in
cancer treatment (Fig. 1).

ROS and p53

Mutations of the p53 gene are found in more than 50% of
malignancies and are the single most common molecular
abnormality in human cancer (6). Loss of p53 function is as-
sociated with loss of cell-cycle control, decreased apoptosis,
and genomic instability. The p53 protein can be regulated by

different post-translational modifications such as phosphor-
ylation of serine and/or threonine residues, acetylation, ubi-
quitylation, or sumoylation of lysines residues. The review
article by Maillet and Pervaiz (7) summarizes recent findings
in another critical regulatory mechanism—the redox modifi-
cations of p53. It is documented that ROS can function up-
stream of p53 and regulate p53 activity and that ROS
production can also be a downstream effect of p53 activation.
The redox status and consequently the function of p53 can be
affected by redox molecules such as glutathione and thior-
edoxin/thioredoxin reductase. For example, S-glutathiony-
lation or oxidation of p53 cysteine residues under oxidative
stress was associated with a loss of p53 protein function. The
article further describes that as a transcription factor, p53
protein can influence cellular ROS levels and oxidative stress
by regulating the expression of pro- or antioxidant gene. In
addition, the modulation of mitochondrial respiration by p53
and the resulting ROS production are also discussed. It is
concluded that crosstalk between p53 and ROS signaling
networks plays an important role in cell cycle and apoptosis
regulation.

Regulation of Epithelial-Mesenchymal
Transition by ROS

The review by Giannoni et al. (3) is devoted to the role of
ROS in epithelial-mesenchymal transition (EMT), which is a
complex process associated with alterations in epithelial cell
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FIG. 1. The role of reactive oxygen
species (ROS) in cancer cell growth and
metastasis. The schematic diagram pro-
vides an overview of ROS-regulated cel-
lular processes involved in tumor growth
and progression, as referred to in the
Forum contributions.

junctions, changes in cell morphology, reorganization of cell
cytoskeleton, expression of fibroblastic markers, and en-
hancement of cell migration and invasion (5). EMT promotes
tumor progression, enabling cancer cells to evade from their
homeland and to colonize foreign tissues. The signals able to
induce EMT have been extensively studied. This review fo-
cuses on signaling mechanisms underlying the redox control
of EMT and the importance of a pro-oxidant microenvi-
ronment in driving tumor progression. One of the well-
established pivotal regulators of EMT is transforming growth
factor-beta (TGF-f). Interestingly, TGF-f-induced EMT is
dependent on ROS production. The article also describes that
cancer-associated fibroblasts (CAFs) may exert their known
effect on EMT programming by eliciting a pro-oxidant and
proinflammatory signature in cancer cells. In addition, ROS-
mediated regulation of Snail, Src, and matrix metallopro-
teinases as well as the reverse effect of these EMT inducers on
ROS production is discussed. The article raises an interesting
question. As is known, stem-like and chemo- or radioresistant
cancer cells normally possess low ROS content (2). On the other
hand, EMT is associated with cancer stem cells (CSCs). The
seeming contradiction between these two notions might reside
in the dynamic and temporal regulation of ROS levels required
for execution of a cellular process in stem cells.

Metabolic Coupling of Stromal and Epithelial Cells
by ROS

In another review related to CAFs (8), Pavlides et al. de-
lineate a new paradigm termed “reverse Warburg effect,” in
which cancer cells secrete ROS such as hydrogen peroxide. As
a consequence, elevated oxidative stress in CAFs drives au-
tophagy, mitophagy, and aerobic glycolysis. This parasitic
metabolic-coupling converts the stroma into a factory for the
local production of recycled and high-energy nutrients (such
as lactate)—to fuel oxidative mitochondrial metabolism in
cancer cells. The Caveolin-1 (Cav-1) gene, a glycolysis regulator,

is proposed as a key mediator in the tumor-stroma coevolution
promoted by oxidative stress. Mitochondrial dys-function and
autophagy in CAFs, triggered by ROS from cancer cells, lead to
Cav-1 protein degradation and thus aerobic glycolysis in CAFs.
Ultimately, high-energy lactate and glutamine are shuttled
from CAFs to cancer cells. Further understanding of this ROS-
and Cav-1-mediated interplay between cancer cells and CAFs
may provide novel targets for the development of more potent
anticancer therapies by blocking energy transfer between can-
cer cells and CAFs, thereby metabolically uncoupling tumor
cells from their surrounding stroma.

Regulation of Angiogenesis by NADPH Oxidases

Angiogenesis is another important factor for tumor
growth and metastasis. ROS has emerged as a critical regu-
lator of angiogenesis. This link is reviewed in this Forum by
Coso et al. (1). Their article focuses on the role of NADPH
oxidases in angiogenesis. It highlights that the NADPH ox-
idase family of ROS-generating enzymes are a key source of
ROS and thus play an important role in redox signaling
within tumor, endothelial, and immune cells to promote
tumor angiogenesis. Of note, NADPH oxidases are the only
enzymes whose primary function is to generate superoxide/
ROS, while other enzymes produce superoxide as a by-
product. The article summarizes the key structural features,
expression patterns, activity regulations, and localizations of
each of the NADPH oxidases and their respective regulatory
subunits. The signaling pathways induced by NADPH oxi-
dase-derived ROS are also outlined. Knowledge of intricate
ROS signaling pathways, identification of the culprit NADPH
oxidases in tumor development and progression, and devel-
opment of specific inhibitors of these NADPH oxidases and
associated redox signaling components could provide useful
therapeutic strategies for preventing tumor-associated angio-
genesis and the revascularization following current anti-
angiogenic treatment.
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ROS and CSCs

Recently, much effort has gone into understanding the po-
tential role of CSCs in cancer progression and metastasis. CSCs
are integral parts of pathophysiologic mechanisms of tumor
progression, metastasis, and chemo/radioresistance. To date,
molecular events that govern the survival and self-renewal of
therapy-resistant CSCs are poorly defined. Nevertheless, as a
rapidly evolving research field, studies on ROS are increasingly
attracting much attention. The review by Shi et al. (9) summa-
rizes the current research of the function and regulation of ROS
in normal stem cells and CSCs, which are known to reside in
niches characterized by low ROS, a critical factor in maintaining
stem cell properties such as self-renewal. This review describes
in detail the regulation of ROS levels by multiple signaling
pathways in normal stem cells and CSCs, and the prospects of
utilizing ROS elevation by exogenous xenobiotics to eliminate
CSCs. Currently, little is known about whether ROS regulate
different signaling pathways in stem cells and differentiated
cells and whether ROS play a different role in these cells. Elu-
cidation of ROS function in CSCs will enrich our knowledge of
cancer development and metastasis.

Promises and Challenges of Exploiting ROS
Signaling in Anticancer Therapies

Finally, Gupta et al. (4), in a comprehensive review, discuss
current progress in identifying the in-depth biochemical
mechanisms underlying ROS-mediated inflammation, cellu-
lar transformation, tumor cell survival, tumor cell prolifera-
tion, and invasion, angiogenesis, and metastasis. The article
also brings to attention the dual role of ROS in cancer cell
function. For example, ROS have been shown to inhibit or en-
hance cancer cell proliferation in different cancer cells. Thus,
both pro-oxidant- and antioxidant-based agents have been de-
veloped for cancer prevention and therapy. Pro-oxidant-based
anticancer agents can increase ROS production and decrease the
antioxidant capacity of cancer cells, while the antioxidant-based
agents can scavenge intracellular ROS. A combination of these
approaches is very effective in some occasions. The article
presents a panoramic view of the status of development and
effectiveness of novel anticancer therapies targeting ROS
signaling—a potential Achilles” heel of cancer cell survival. The
outstanding questions and future directions raised by our cur-
rent understanding of ROS in cancer are discussed in detail.

Summary

This Forum illustrates the progress and critical issues in the
understanding of ROS in cancer development and metastasis.
Current insight, although far from being comprehensive and
complete, justifies a closer look at the molecular mechanisms
of how cancer-associated genes and pathways are regulated
by specific ROS. Cancer development and treatment involves
ROS. On the other hand, increase or decrease of ROS can affect
tumor properties and treatment effect. It is hoped that this
Forum can stimulate substantial interest in more mechanistic
studies on the biology of ROS in cancer and in the develop-
ment of effective ROS-targeted cancer treatment modalities.
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ROS = reactive oxygen species
TGF-p = transforming growth factor-beta
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