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Abstract

A delicate balance exists between the process of carcinogenesis and tissue regeneration. A number of malignant
tumours are considered the outcome of an impaired or incomplete regeneration process, resulting in persistently
dividing cells. Regeneration-competent tissues and animals are able to prevent and counteract growth
abnormalities and seem to have a low vulnerability to chemical carcinogenesis. Cancer cell survival depends,
among other things, on various redox-related mechanisms, which are targets of currently developed therapies.
Disadvantages of these therapies are a lack of specificity and drug resistance. As the majority of these redox-
related mechanisms also play an important role in successful and coordinated cell functioning and reproduction,
the regeneration process offers a unique parallel context for modern cancer research. This review focuses on the
interconnections between regeneration and carcinogenesis and how an understanding of regenerative forces and
redox-controlled mechanisms could contribute to the identification of new therapeutic targets to block the growth

and survival of cancer cells.

Keywords: Carcinogenesis; Regeneration; Stem cells; Redox-related mechanisms; Anticarcinogenic therapies.
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1. Reactive oxygen species

1.1. Different types of reactive oxygen species

Reactive oxygen species or ROS are reactive molecules that originate from oxygen as by-products of aerobic
metabolism or through enzymatic production [1-4] (Fig. 1). Oxygen (Oy) in its ground state contains two unpaired
electrons with parallel spins (triplet oxygen) and is not that reactive. The excited state of molecular oxygen is
singlet oxygen, which is formed via photo-excitation. Singlet oxygen has two electrons with antiparallel spins and
forms covalent bonds with other molecules more easily [4, 5]. The superoxide anion radical (°Oy) is formed after
a one-electron reduction of oxygen [3, 6]. This radical functions both as a reductant as well as an oxidant, is short-
lived and is not likely to diffuse across the cell membranes, which makes its effects rather localized [6]. When
superoxide receives a proton the more reactive hydroperoxyl radical (°HO;) is generated. The two-electron
reduction product of oxygen is hydrogen peroxide (H20:), one of the most stable ROS. Given that it easily crosses
membranes, an important signalling function is attributed to this molecule [6]. The Haber-Weiss reaction involves
the so-called Fenton reaction in which hydrogen peroxide reacts with ferrous ions (Fe?*), yielding ferric ions (Fe®*),
a hydroxyl radical (°OH) and a hydroxide anion (OH"). The nitric oxide radical (°NO) plays an important role in
signal transduction and metabolism of nitric oxide gives rise to a series of compounds called reactive nitrogen
species (RNS) [1, 3]. Nitric oxide is formed in higher organisms through the oxidation of a terminal guanido-
nitrogen atom of L-arginine, which is mostly catalysed by the enzyme nitric oxide synthase (NOS) [3]. When the
superoxide anion reacts with nitric oxide, the highly reactive peroxynitrite (ONOQO") is formed [6]. Other RNS

include the nitrosonium cation (NO™) and the nitroxyl anion (NO") [3].

1.2. Physiological sources of ROS production

Although most ROS are produced as by-products of metabolic and enzymatic activities, aerobic organisms also
utilize and actively produce ROS for numerous important physiological processes [6, 7]. Oxidoreductases catalyze
the electron transfer from the reductant (electron donor) to the oxidant (electron acceptor) in aerobic conditions
leading to the production of ROS. Multiple oxidoreductases are localised in different cellular compartments and
have been identified so far as potential ROS sources, including cyclooxygenase (luminal side of endoplasmic
reticulum and nuclear membrane), lipoxygenase (cytosol, nucleus), cytochrome P450 enzymes (endoplasmic
reticulum, mitochondria), nitric oxide synthase (different subcellular compartments, including the sarcoplasmic
reticulum, mitochondria and peroxisome), xanthine oxidase (cytosol, mitochondrial matrix, peroxisome),
mitochondrial NADH/ubiquinone oxidoreductase (complex 1) and NADPH oxidase (NOX, cell membrane) [8].
Despite the diversity of all these ROS-producing enzymes, the majority of cellular ROS is produced by the

mitochondrial respiratory complexes and the NADPH oxidases.
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Figure 1: Production of reactive oxygen species. The two main physiological sources of ROS production are the
transmembrane NAPDH oxidase (NOX) enzymes and the mitochondrial complexes | and IlI. A simplified
overview of the different ROS species and the involved enzymes is presented. Superoxide anions (°O) give rise
to hydroperoxyl radicals (°HO>) or hydrogen peroxide (H20>), through superoxide dismutase (SOD) activity. The
reaction of hydrogen peroxide (H.02) with Fe?* in the Fenton reaction leads to the formation of the hydroxyl
radical (°OH) and hydroxide anion (OH"), which can eventually be converted to molecular water (H20). Enzymatic
activity of catalase (CAT), glutathione peroxidase (GPX) and peroxiredoxin (PRX) also convert H,O, to molecular

water.

1.2.1. Mitochondrial respiratory complexes

Under normal physiological conditions, most of the ROS present in cells (discussed in section 1.1) are produced
indirectly as by-products of the mitochondrial respiratory chain. Oxygen acts as the final acceptor of the electrons
transferred in the mitochondrial chain, in the end undergoing a four-electron reduction to form water. The
generation of the superoxide anion, via electron leakage, occurs primarily at complex | (NADH/ubiquinone
oxidoreductase) and complex I11 (ubiquinol/cytochrome ¢ oxidoreductase) of the mitochondrial chain, depending
on the metabolic state of the mitochondria [9, 10]. When both respiration and ATP production are low, the
production of superoxide anions is high and the reverse electron transfer (RET) and FMN (flavin mononucleotide,
located in complex 1) are the primary sources of superoxide anion production. When respiration and ATP
production are high, the production of superoxide anions is considerably lowered [10]. Approximately 0.12-2% of
the respiratory oxygen results in the superoxide anion in vitro, as measured in isolated mitochondria. However,
the actual in vivo values of mitochondrial ROS production are most likely considerably lower, probably because
the isolated mitochondria are maintained in high non-physiological concentrations of oxygen [2]. The produced
superoxide anions are converted into hydrogen peroxide by manganese superoxide dismutase (MnSQOD), the only
isoform of superoxide dismutase present in the mitochondrial matrix [10]. In contrast to the superoxide anions,

hydrogen peroxide is able to penetrate the mitochondrial membranes, thereby affecting cell signalling events.

1.2.2. NADPH oxidases
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NADPH oxidases or NOX enzymes distinguish themselves from other oxidoreductases, including the
mitochondrial complexes, in that they produce ROS as an end product instead of creating them as by-products of
their catalytic pathways. So far, five human NOX isoforms (NOX 1-5) have been identified as well as two dual
oxidases (DUOX 1 and 2). All NOXs are comprised of membrane-bound subunits and they all differ from one
another in terms of tissue distribution, domain structure, subunit requirements and mechanisms of activation. The
catalytic subunit of all NOX isoforms consists of a C-terminal dehydrogenase domain with an NADPH binding
site together with a bound flavin adenine dinucleotide (FAD). When the NOX enzymes are activated and their
subunits have assembled, the electrons of NADPH are first transferred to FAD and subsequently to the two haem
groups bound to the N-terminal domain, which finally passes them to two molecular oxygen molecules across the
membrane forming superoxide anions [6]. NOX-derived superoxide is generated in the extracellular environment
and dismutated quickly (catalysed by CuZnSOD) to hydrogen peroxide. Hydrogen peroxide diffuses freely across

cell membranes, most likely facilitated by the presence of aquaporin channels [11].

Genes encoding NOX subunits are found in animals as well as plants, but not in prokaryotic organisms. Their early
evolutionary appearance and conservation in both lower and higher eukaryotes as well as their wide distribution
in various cell types (especially in mammals) are indicative of the fundamental roles that NOXs probably play in
cell functioning. Several studies have shown their importance in the modulation of redox-sensitive, intracellular
signalling pathways, including the activation of certain transcription factors (e.g. AP-1 and NF-xB) [8], as well as
in physiological processes such as immune responses and development. In order to control the redox balance, cells

possess various direct and indirect antioxidant mechanisms to regulate the ROS levels.

1.3. Redox requlation and signalling

Despite their positive signalling function, too much ROS can induce irreversible oxidative damage to
macromolecules such as nucleic acids, lipids and proteins, resulting in the loss of cellular function or cell death.
This redox-induced damage has been linked to the progression of numerous pathologies such as cardiovascular
diseases, inflammation, neurological malfunctioning and cancer [12]. In order to maintain homeostasis, the ROS
metabolism is tightly regulated by a variety of redox mechanisms that control the redox (oxidant/antioxidant)
balance [13].

The antioxidative system is composed of nonenzymatic and enzymatic antioxidants. Nonenzymatic antioxidants
are classified as metabolic antioxidants (e.g., glutathione, L-arginine, metallothioneins and ferritins) and dietary
antioxidants (e.g. tocopherol, ascorbate and B-carotene) [14]. Some act as chain-breaking antioxidants (by
intercepting the chain-carrying radicals), thereby slowing down or stopping oxidative chain reactions (e.g.
tocopherol intercepts peroxyl radicals). Others act as preventive antioxidants by intercepting oxidizing species
before damage occurs (e.g. p-carotene quenches singlet oxygen or metallothionein chelates toxic elements such as
Cd, As, Hg, etc.) [13]. Enzymatic antioxidants are considered preventive as they catalyse neutralization of ROS
by elimination [15]. The enzyme superoxide dismutase (SOD) catalyses the dismutation of superoxide into oxygen
and hydrogen peroxide. In human cells, there are three isoforms of SOD differing in their subcellular location and
metallic cofactor, i.e. cytosolic CuZnSOD (SOD1), mitochondrial MnSOD (SOD2) and extracellular CuzZnSOD
(SOD3). The enzyme catalase (CAT) decomposes hydrogen peroxide to oxygen and water. Glutathione

peroxidases (GPX) reduce hydrogen peroxide to water, while both non-lipid and lipid hydroperoxides are reduced
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to alcohols and water, thereby oxidizing the antioxidant metabolite glutathione (GSH). The oxidized glutathione
cofactor (GS-SG; glutathione disulphide) is then reduced back to its original state (2 GSH) by glutathione
reductase (GR). Peroxiredoxins (PRX) catalyse the reduction of hydrogen peroxide as well as organic
hydroperoxides such as cytokine-induced peroxide. Thioredoxins (TRXs), localized in the cytoplasm and
mitochondria, consist of multiple isoforms allowing the reduction of oxidized proteins by cysteine thiol-disulfide
exchange [15]. All these nonenzymatic and enzymatic antioxidant systems maintain a controlled redox balance

and protect the cells against oxidative stress.

The enzymatic antioxidant defence system is tightly regulated by various redox-controlled transcription factors,
such as the nuclear factor erythroid-2-related factor 2 (Nrf2), the endonuclease 1/redox effector factor 1
(APE1/Ref-1), the family of forkhead box type O (FoxO), the ataxia-telangiectasia mutated (ATM) protein kinase
and the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB). Nrf2 activates the transcription of
several antioxidant enzymes such as SOD1, CAT, GPX2, GR and TRX via the antioxidant responsive element
(ARE). In physiological conditions, Nrf2 is retained in the cytoplasm by anchoring to the Kelch-like ECH-
associated protein 1 (Keapl). Internal or external induced elevation of ROS levels oxidize the reactive thiol groups
of Keap1 causing the dissociation of Nrf2. The activated Nrf2 translocates into the nucleus and forms a heterodimer
with small Maf proteins to activate genes in the oxidative stress response [4, 16-18]. APE1/Ref-1 plays a pivotal
role in the DNA base excision repair pathway and controls the intracellular redox state in two ways: by inhibiting
Rac-1 regulated NOX and by reducing oxidized transcription factors such as hypoxia-inducible factor 1o (HIF-
la), Nrf2, and the tumour suppressor protein p53 [19, 20]. The latter transcription factor p53 is an essential
component in the regulation of cell cycle arrest, cellular senescence and apoptosis and also plays an antioxidant
role in the response to oxidative stress [1, 21]. FoxO transcription factors control intracellular ROS levels by
upregulating the antioxidative enzymes CAT and SOD2 [22]. ATM protein kinase, a regulator of the cellular
response to DNA double-stranded breaks (DSBs), controls the intracellular levels of ROS, among others, by
stimulating NADPH synthesis leading to suppression of protein synthesis and activation of autophagy [23-25].
NF-kB, a transcription factor playing a crucial role in cell survival, is activated by oxidative stress and in turn

activates genes coding for ferritin (FT) and SOD2 [26].

ROS not only activate the antioxidant defence system, they also regulate important processes such as cell
proliferation, differentiation and survival through oxidation of redox-sensitive protein kinases and protein
phosphatases, mainly at the cysteine residue. The cysteine sulfhydryl group undergoes different degrees of
oxidations resulting in the generation of sulphenic acid (-SOH), sulphinic acid (-SO2H) or sulphonic acid (-SO3H).
Cysteine oxidation either leads to inhibition or activation of the downstream proteins [27, 28]. An example of such
an indirect regulation of transcription factors is the redox-controlled stimulation of MAP kinases (MAPKS). Three
MAPK enzymes have been identified: extracellular signal-regulated kinase (ERK), C-Jun N-terminal kinase (JNK)
and p38 kinase [29-31]. Their actions alter the expression of multiple genes involved in cell proliferation,
differentiation and apoptosis, including, among others, cyclinD1 and cdk2. ROS-induced stimulation of MAPKSs
occurs via the inhibition of 1) a negative MAPK regulator MKP, 2) thioredoxin (TRX), 3) a negative regulator of
the apoptosis signal-regulating kinase (ASK1), or via the activation of 1) a proto-oncogene, 2) a non-receptor
tyrosine kinase (SRC), 3) a positive regulator of MAPKSs. Other pathways that are activated in response to an

altered redox state are the phosphoinositide 3-kinase (P13K)/Akt pathway, the NF-kB system, p53 activation, and
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the heat shock response. In general, the heat shock response, ERK, PI3K/Akt and NF-kB signalling pathways are
involved in the prosurvival response of the cell, whereas activation of p53, JINK and p38 are linked to apoptosis
[2]. The balance between prosurvival and apoptotic responses strongly depends on the intensity and frequency of

the oxidative stimulus [4].

1.4. ROS-(de)requlated processes

ROS are important in numerous physiological processes including immunology, wound healing and angiogenesis.
However, an imbalance between the production and detoxification of ROS has been linked with ageing and with
a broad range of diseases such as cancer, insulin resistance, diabetes mellitus, cardiovascular diseases,
atherosclerosis and neurodegenerative conditions [32]. Here, we will focus on redox-related processes within the

framework of potential anticarcinogenic targets, the scope of this review.

1.4.1. Cellular responses

ROS & cell death

ROS affect the process of cell death in both a direct and indirect manner. Due to their chemically reactive state,
ROS molecules interact directly with various cellular components, including the nucleotides of DNA. These
interactions can cause single- and double-stranded DNA breaks, purine, pyrimidine or deoxyribose modifications
and DNA cross-links, leading to mutations [4, 33, 34]. The main ROS that cause DNA damage are the hydroxyl
radical (°OH), singlet oxygen (*O,) and one-electron oxidants [35]. Dependent on the severity of the damage and
the ability of the cell to adapt to or resist the stress and repair the cellular damage, different responses are possible.
Moderate damage activates the repair machinery whereafter cell proliferation continues. However, when the DNA
damage is irreparable, cell death is initiated [2, 36]. ROS-induced cell death involves both necrosis and apoptosis,
depending on the severity of the insult. An important feature in preventing cell death is autophagy, which is
activated by ROS and once activated reduces oxidative stress by degrading proteins and damaged mitochondria
(mitophagy), a primary source of intracellular ROS [37, 38]. Some DNA regions are more susceptible to ROS-
induced damage, especially regions rich in guanine bases since different ROS, including singlet oxygen and
hydroxyl radicals, convert guanine to 8-oxo-7,8 dihydroguanine resulting in single base DNA damage. Due to
their high guanine content, telomeres - the protective and repetitive TTAGGG sequence at the end of the
chromosomes - are highly sensitive to ROS. Moreover, in contrast to the majority of the genomic DNA, the repair
system of the telomeric region is inefficient in repairing single-stranded breaks. Accelerated degradation of these
protective sequences eventually results in destruction of the DNA at the end of the chromosome [39, 40].
Interestingly, overexpression of the telomerase reverse transcriptase (TERT), the catalytic subunit of the
telomerase enzyme that elongates the telomeres and is linked with immortalization and stem cell populations,

reduces intracellular ROS levels and cell death [41, 42].

Besides inducing cell death through DNA damage, ROS also act as upstream signalling molecules in the induction
of apoptosis [36]. Chen and colleagues showed that ROS production results in apoptosis of neuronal cells in a
concentration- and time-dependent manner through activation of the MAPK pathways [43]. In some cells, a
positive feedback loop via p53 helps to reach critical ROS levels that induce a successful apoptotic response [2].

Moreover, the expression of antiapoptotic factors, such as Bcl-2 and Bcl-x, is also associated with protection

7
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against ROS. During tumour necrosis factor (TNF-o)-induced apoptosis, Bcl-2 prevents the accumulation of ROS
and thus the subsequent apoptotic events (mitochondrial membrane depolarization, Bax relocalization, cytochrome
c release, caspase activation and nuclear fragmentation). Similarly, Bax and Bcl-x are able to respectively increase

or decrease GSH levels, without interfering with other antioxidant enzymes such as SOD, CAT, and GPX/GR [9].
ROS & cell proliferation and differentiation

The most important MAPK group via which ROS induce cell proliferation is the ERK family. This MAPK pathway
is a known intracellular checkpoint of mitosis. Inhibiting or stimulating the ERK signalling results in either an
inhibition or enhancement of cell proliferation [29]. In this process, JNK acts as a final mediator of ERK to
stimulate cell proliferation. Cross-talk between the different MAPK cascades ultimately controls the balance
between proliferation, differentiation or apoptosis [29]. Considering their function, it is not surprising that ERK,
JNK and p38 MAPK signalling pathways are all associated with tumourigenesis. For example, in various cancer
types in both humans and mice, ERK1 and ERK2 are upregulated while JNK and p38 MAPK pathways are often
downregulated [31]. Another downstream mechanism through which ROS induce proliferation is the TRX/Ref-1
complex. Thioredoxins (TRXs) are small proteins containing a redox-active disulphide site, while Ref-1 is a
multifunctional protein with endonuclease and oxidoreductase activity. TRX reduces the oxidized Ref-1, which in
turn reduces the DNA-binding domain of various proliferation-inducing transcription factors, thereby enhancing
their activity [7].

ROS & patterning

Whnt proteins are essential for normal development. They not only regulate pathways controlling cellular processes
such as proliferation and differentiation, but also direct proper pattern formation. The canonical Wnt pathway acts
through B-catenin, which, upon accumulation in the cytoplasm, translocates to the nucleus and associates with
different transcription factors, hereby activating the expression of downstream target genes. In the absence of the
Wnt ligand, cytoplasmic B-catenin is degraded and the downstream transcription is inhibited. ROS, including
hydrogen peroxide, oxidize nucleoredoxin (NRX) which, in this oxidized state, inhibits the degradation of
cytoplasmic B-catenin. This results in the accumulation of B-catenin levels and the activation of downstream
transcription factors in the absence of the Wnt ligand [7, 36, 44-46]. The importance of ROS in Wnt/B-catenin
signalling pathway was also demonstrated in in vivo experiments on larvae of Xenopus by Funato and co-workers.
They showed that overexpression of NRX inhibits the expression of early targets of Wnt-signalling whereas NRX
knockdown resulted in Wnt pathway activation with reduced expression of anterior markers and structures (e.g.
absence of eye development) [44]. In intestinal and colon epithelial cells, NOX1-generated ROS play an essential
role in the inactivation of NRX [46]. Moreover, a redox-dependent regulation of the Wnt pathway via NRX was

also observed in F9 teratocarcinoma cell lines [47, 48].
ROS & stem cell maintenance

Stem cells are characterized by their abilities to self-renew and to produce numerous differentiated progeny cells
[49]. The fate of stem cells is (co-)directed by the intra- and extracellular (stem cell niche) redox balance: low
ROS levels support stem cell maintenance and quiescence while slightly “higher” ROS levels induce stem cell

proliferation and eventually differentiation [1, 42, 50, 51]. A rise in ROS levels can induce apoptosis to prevent
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the accumulation of damaged stem cells, as discussed previously [52]. On the other hand, if increased ROS levels
can be controlled, stem cell survival is achieved. This redox (re-)balancing is acquired either directly through the
activation of antioxidative systems or indirectly via signalling regulators such as PTEN, ATM, HIF, FoxO and
Nrf2. Tumour suppressor gene families, such as p53 and p38, are key mediators of ROS-regulated stem cell
renewal [51]. In planarians, which have an extensive population of pluripotent stem cells, expression of the tumour
suppressor gene p53 is largely restricted to the newly formed progeny of the stem cells and knocking down this
gene results in an increase in stem cell number and proliferation causing a depletion of the stem cell population
[49, 51, 53, 54].

Since a precise control of the redox balance is crucial for normal cellular functioning, it is not surprising that any
unwanted fluctuations in ROS levels can have devastating outcomes, including the formation of cancer. As ROS
are involved in both normal physiological processes as well as in diseases, we will focus on this dual role by
emphasizing their importance in two related processes: the physiological process of regeneration and the

pathologic process cancer. The role of ROS in both the processes will be discussed in the following sections.

2. ROS modulate carcinogenesis

2.1. ROS as a core component of carcinogenesis

Carcinogenesis is characterized by uncontrolled cell divisions, ultimately resulting in a malignant tumour which
invades tissues and metastasizes [55]. Classically, carcinogenesis consists of three stages: initiation, promotion

and progression [56].

DNA damaging effects of ROS are mainly involved in the initiation and progression stage (Fig. 2). Both exogenous
carcinogens as well as endogenic processes such as chronic inflammation increase oxidative stress and lead to
initiated cells [34]. The carcinogenic metal cadmium, for example, induces multiple cancers by increasing internal
oxidative damage [52]. It disturbs the redox balance via various mechanisms including the inhibition of antioxidant
enzymes (e.g. SOD), the depletion of ROS scavengers (e.g. GSH), the interference with the electron transport
chain causing superoxide anion production and the displacement of redox-active metals (e.g. Fe) leading to more
hydroxyl radicals. The hydroxyl radical (°OH) induces 8-hydroxydeoxy guanosine (8-OHdG), one of the major
products of DNA oxidation. 8-hydroxydeoxy guanosine levels are elevated in various human cancers and animal
tumour models [33, 57, 58]. 8-OHdG not only pairs with cytosine but also with adenine residues, leading to a G:C
to T:A transversion, a mutation commonly found in proto-oncogenes, oncogenes and tumour suppressor genes
[33, 35, 57].
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Figure 2. Schematic overview of the roles of reactive oxygen species (ROS) in cancer. ROS modulate the
carcinogenic process by inducing DNA damage (e.g. in oncogenes such as ras) and by altering signalling pathways
(e.g. via the regulation of transcription factors). In this way, ROS initiate and promote cancer through disturbing
cell proliferation, death and migration. The amount of ROS necessary to drive carcinogenesis depends on the
specific tumour cell type: while cancer cells have elevated ROS levels to accelerate DNA damage, cancer stem

cells have lower intracellular ROS levels to facilitate the continuation of the tumour.

Proto-oncogenes mostly code for signal transduction components that promote proliferation, such as growth
factors and receptors or transcription factors and, once mutated to an overactive oncogene, they induce
uncontrolled proliferation. The ras oncogene - one of the first oncogenes identified - transfers extracellular signals
to downstream signalling cascades such as MAPK pathways, eventually stimulating mitogenic processes.
Normally, Ras activation has an intrinsic negative feedback loop to ensure a transient transmission of the signal
but mutations in ras eliminate this regulating mechanism, leading to uncontrolled mitogenic activation [56, 59].
These mutations are for example found in around 50% of colon cancers and up to 90% of pancreatic cancers [59].
Tumour suppressor genes, on the other hand, regulate cell death programs such as apoptosis and, once
downregulated or disturbed through mutations, support cell death resistance. The best-known tumour suppressor
is undoubtedly p53, which functions in cell cycle arrest, DNA repair, senescence and apoptosis, and is one of the

most frequently altered genes in cancer [60-63].

Apart from DNA damage, ROS also modulate the carcinogenic process via transcriptional and signalling
alterations which underlie multiple mechanisms of cancer including the clonal expansion of initiated cells during
the promotion phase. Commonly targeted transcription factors during carcinogenesis are AP-1, Nrf2 and HIF-1.
AP-1 is activated via MAPK and JNK signalling pathways, induces growth and proliferation and reduces oxidized
Nrf2 and HIF-1a [33]. Nrf2 activates numerous stress-related genes and antioxidant enzymes in the presence of

oxidative stress. This activation has been linked with aggressive behaviour of different types of cancer, such as

10
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breast cancer, lung cancer, neuroblastoma and ovarian cancer [33, 64]. The activation of HIF-1 is triggered by a
reduced cellular oxygen content, which is often present in tumours as a consequence of their active metabolism
and continuous proliferation. Mitochondria function as O sensors and signal hypoxia by releasing ROS to the
cytosol, which in turn stabilize HIF-1. HIF-1 has more than 60 target genes, all of which promote carcinogenesis
via various mechanisms such as cell survival, angiogenesis, invasion and metabolic reprogramming. Elevated HIF-
1 expression has been linked to poor outcome in various cancer types such as breast cancer [65], cervical cancer
[66] or pancreatic tumours [67]. Besides transcription factors, tyrosine kinases/phosphatases such as the kinase

Akt, which mediates cell survival via inhibiting proapoptotic transcription factors, are targets of ROS [68].

During the final steps of carcinogenesis, the progression stage, both the DNA damage and signalling defects caused
by the disturbed redox balance are important. In this way, ROS induce uncontrolled divisions and additional

mutations that drive the tumour towards a malignant neoplasm [33].

2.2. ROS support the hallmarks of cancer

Throughout the three phases of carcinogenesis, necessary “capabilities” for tumour growth and metastasis are
acquired, which are defined as “The hallmarks of cancer” by Hanahan and Weinberg [56]. ROS play a role in each
of these capabilities via mutagenic effects, alterations of signalling pathways, effects on the microenvironment and

on invasiveness (reviewed in [69] and [70]).

One of the most fundamental hallmarks of cancer is the ability to sustain proliferative signalling. Where normal
tissues meticulously regulate the amount of growth-enhancing signals to maintain homeostasis, cancer cells abuse
this system by continuously activating the cell cycle. ROS promote sustained proliferation on one hand by inducing
mutations of crucial cell cycle control genes such as proto-oncogenes, on the other hand by excessively activating

signalling pathways leading to proliferation [56, 59].

ROS also play a role in the avoidance of growth suppressor mechanisms, which is another hallmark of cancer. One
such mechanism is the suppression of proliferation by contact inhibition, which is believed to be important during
wound healing and regeneration, and for which Ras and Ras-induced ROS levels have to be low. Overactivating
mutations of ras elevate ROS levels and consequently result in a loss of contact inhibition [70]. Other cell-cycle-
related hallmarks in which ROS play a role are the resistance of apoptosis and the enabling of replicative
immortality. ROS-induced mutations can downregulate tumour suppressor genes involved in cell death programs
such as apoptosis and support cell death resistance, whereas unlimited replication capacities can be obtained by

ROS signalling increased telomerase expression [56, 60, 70, 71].

Angiogenesis is crucial to maintain continuously-active tumour cells by delivering nutrients and oxygen to the
growing cancer and removing waste products and carbon dioxide. In normal physiological processes (e.g. wound
healing) angiogenesis is only transiently active, but during tumour progression new vessels are continuously
growing. ROS directly promote angiogenesis by controlling the pro-angiogenic vascular endothelial growth factor
A (VEGF-A) and by activating the transcription factors NF-kB, AP-1 and STATL1 (signal transducers and
activators of transcription family) [56, 69, 72, 73]. In doing so, ROS also support tumour invasion and metastasis
to a secondary niche. ROS play additional roles in invasion and metastasis via supporting Met (MET proto-

oncogene, receptor tyrosine kinase) overexpression and epithelial-mesenchymal transition (EMT), as well as
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through the creation of invadopodia (which degrade the extracellular matrix) or the recruitment and transformation
of fibroblastic cells into carcinoma-associated myofibroblasts which secrete pro-invasive signals [56, 69, 70, 74,
75].

ROS also link tumour-promoting inflammation and cancer. Inflammatory cells produce ROS which attract more
inflammatory cells and lead to more ROS production [57]. Chronic inflammation is indeed strongly correlated
with cancer incidence [33, 57]. For example, colitis develops into colon cancer after inflammatory infiltration,
increased production of ROS and impairment of antioxidant defences resulting in genetic and epigenetic alterations
that promote cancer development [76]. On the other hand, exogenous-induced oxidative stress also leads to chronic
inflammation. For example, cigarette smoke produces pro-oxidants, causing inflammation of the bronchus and

eventually transformation of lung cells into malignant tumour cells [33, 57].

On top of their original six hallmarks, Hanahan & Weinberg (2011) recently added two emerging hallmarks:
deregulation of cellular energetics and avoidance of immune destruction. The deregulation of cellular energetics
results from the metabolic reprogramming of cancer cells or, as recently suggested, of adjacent stromal fibroblasts
[77-79]. This metabolic reprogramming, referred to as the Warburg effect, consists of an abnormal oxygen
metabolism with high rates of aerobic glycolysis leading to lactate production instead of mitochondrial oxidative
phosphorylation, even when ample oxygen is present [77-79]. In this process, cancer cells induce oxidative stress
in neighbouring stromal cells, which elicits their autophagic cell death via activation of NF-xB and HIF-1 [80].
Autophagy in the stromal cells not only releases building blocks for cancer cells directly, it also reprograms the
stroma metabolically, hence leading to the Warburg effect [79-81]. Hereby, additional high-energy mitochondrial
fuels and biomass precursors (e.g. lactate, ketone bodies, fatty acids, and glutamine) are released to fuel the
anabolic cancer cells [79, 80]. Autophagy can thus work cytoprotective for growing tumours adapting to a stressful
environment. However, it should be noted that autophagy has a dual role and can on the other hand also prevent
carcinogenesis by removing damaged organelles such as mitochondria and, in this way reduce oxidative damage
and genomic instability [82]. The hallmark for which the involvement of ROS is still uncertain is the evasion of
cancer cells from immune destruction. It can be speculated that ROS activate the immune suppressor TGF-f
resulting in the inactivation of natural Killer cells [83, 84]. However, since administration of TNF blockers, which
prevent TNF-induced ROS production, to patients with rheumatoid arthritis increased the risk for developing

lymphomas, the contribution of ROS in avoiding immune destruction is still uncertain [85].

2.3. ROS regulation in cancer cells and cancer stem cells

2.3.1. ROS and cancer cells

Neoplastic cells have altered redox systems and produce more ROS than normal cells [1, 86]. Chronically-elevated
levels of endogenous ROS in cancer cells accelerate DNA damage and alter signalling pathways, leading to
adaptive changes that play important roles in tumourigenesis, metastasis and drug resistance, and are correlated

with a bad prognosis [1, 87].

The mechanisms by which cancer cells increase ROS are diverse. They activate proto-oncogenes and oncogenes
that upregulate ROS-producing enzymes, inactivate antioxidants or stimulate the metabolism [1, 85, 88-91]. For

example, ras-transformed cells contain more superoxide via activation of NOX1 or inactivation of the antioxidant
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sestrin, which is required for anchorage-independent growth, morphological transformation and tumourigenicity
[1, 70, 92, 93]. In addition, Ras itself is redox-regulated and activated by nitric oxide and, possibly, hydrogen
peroxide [70]. Loss or reductions of tumour suppressor genes also induce a redox-imbalance and elevated ROS
levels in many types of cancers. For example, a loss or decrease of p53 disturbs its function in controlling genetic
stability and in preventing cancer by regulating the expression of antioxidant genes such as GPX1, MnSOD and
aldehyde dehydrogenase 4 (ALDH4) [1, 94]. In stromal fibroblasts, redox alterations resulting from a loss of p53
is a key inducer of epithelial transformation and cancer invasion via RNS-mediated ICAM1 signalling [95]. The
free radical production rate in cancer cells is also elevated by their increased glycolytic metabolism. Probably,
high rates of glycolysis and a metabolic shift towards the production of lactate reflect a less efficient ATP
production in the mitochondria and increases electron leakage from the respiratory chain [1, 81, 96-102]. The
reason why cancer cells use this aerobic glycolytic metabolism for energy requirements is still under debate. It
could be beneficial in the hypoxic tumour environment, created by extensive cell proliferation, unorganized
vasculature and irregular blood flow. Mitochondrial dysfunction as a consequence of mitochondrial DNA
mutations could also be responsible for respiratory inefficiency and could contribute to the Warburg effect [81,
96-101, 103].

While elevated ROS levels support tumour initiation, progression and promotion, they also increase the internal
stress level and make the tumour more vulnerable to cell death. Therefore, a dynamic ROS regulation in tumour
cells, which prevents cell death but suffices to stimulate cell survival and proliferation, is essential to induce
malignant transformation, metastasis and chemoresistance [1, 70, 86]. Most cancer cells adapt to persistently-
increased ROS levels by activating redox-sensitive transcription factors that upregulate ROS-scavenging enzymes
and systems such as SOD, GSS (glutathione synthetase), and GSH [1]. Oncogenes like K-ras, B-raf and myc
increase the resistance of cancer cells to oxidative stress by elevating the activity of the Nrf2 transcription factor,
which increases ROS detoxification and upregulates various cytoprotective genes [1, 70, 86]. Deletion of Nrf2
reduces the possibility of K-Ras to induce proliferation and tumourigenesis, which supports the importance of
ROS limitation in tumour outgrowth [86]. Human telomerase reverse transcriptases (hTERTS), the catalytic
subunits of telomerase holoenzymes, reduce basal cellular ROS levels and endogenous ROS production in cancer
cells, possibly through activation of NF-xB, by increasing the ratio of reduced to oxidized glutathione, by
recovering oxidized peroxiredoxin to its nonoxidized form, and by elevating the activity of cytochrome ¢ oxidase
[41]. Other strategies of cancer cells to avoid excessive oxidative damage include metastasis to escape ROS in the

primary tumour site, and the Warburg effect to increase oxidant-resistance [70].

If cancer cells fail to keep ROS levels below a certain cell-death threshold, ROS induce cancer cell death via
apoptosis, necrosis or autophagy, as has been reviewed by Gupta et al. [85]. The ability of cancer cells to
distinguish between ROS as a survival or apoptotic signal depends on the concentration, duration, type and site of
ROS production. For example, while modest ROS levels are required for the survival of cancer cells, excessive
levels cause senescence-induced tumour suppression or cell death and while NOX-derived ROS in response to

TNFo play a protective role, mitochondria-derived ROS promote apoptosis [1, 85, 86].

2.3.2.  ROS and cancer stem cells
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Cancer cells always keep a portion of ROS low cells with stem-like characteristics in the cell population, the cancer
stem cells. The hypothesis is that these tumour seeds are protected against DNA damage in order to facilitate the
continuation of the tumour [1]. Cancer stem cells, also called tumour-initiating cells or tumour-propagating cells,
are only a subset of the entire tumour population and share properties of self-renewal and chemo- and
radioresistance with normal stem cells. They have an increased capacity to initiate and sustain tumour growth,
which is important in the progression and the recurrence of malignant tumours [1, 100, 104-106]. Cancer stem
cells also play an important role in tumour angiogenesis by vascular endothelial growth factor (VEGF) signalling

[100]. Possibly, they are the source of all the tumour cells present in a malignant tumour [1, 100, 104-106].

Little is known about the redox balance of cancer stem cells. It is thought to resemble that of normal stem cells,
given the importance of this balance in stem cell maintenance, self-renewal and differentiation [1, 70, 100]. Just
as stem cells, cancer stem cells possess enhanced protection mechanisms against ROS-induced stress, which could
explain their survival and drug resistance. In comparison with non-stem cancer cells, they have lower intracellular
ROS levels due to increased expressions of free radical scavenging systems [1, 70, 104, 105]. For example,
expression of the (cancer) stem cell marker CD44, and especially the isoform CD44v, protects cancer stem cells
against high ROS levels in the tumour environment through stabilization of the glutamate-cysteine exchange
transporter and the consequent stimulation of intracellular GSH. The removal of CD44v results in increased ROS
levels and ROS-dependent p38 MAPK activation, making CD44v-targeted therapies that prevent ROS defence a
potential approach to kill cancer stem cells [1, 100, 106, 107]. The mechanisms of cancer stem cells to repair ROS-
induced damage are also thought to differ from non-stem cancer cells, with possibly enhanced activation of DNA
checkpoint kinases [1, 100]. Tumour dormancy, which temporarily halts metastatic growth and is induced by p38
MAPK, represents another protection mechanism of cancer stem cells against oxidative stress. In high-ROS
environments, dormant cancer stem cells survive injury and wait to expand the tumour in more favourable times

and safer conditions [70].

Moderate hypoxia in the tumour environment also becomes increasingly related to the cancer stem cell phenotype
and is thought to be beneficial for the survival, self-renewal and tumour growth of cancer stem cells [1, 100]. In
brain tumours, restricted oxygen conditions increase the cancer stem cell fraction and promote acquisition of a
stem-like status [100]. Cells under hypoxia display increased markers associated with stem-like phenotypes such
as CD44. It is hypothesized that the correlation of tumour hypoxia to poor patient outcome is related to an increase
in the proportion of cancer stem cells. As such, therapies that disrupt the microenvironmental conditions of hypoxia

may be critical in eliminating cancer stem cells [100].

In conclusion, we can state that it is crucial to determine molecular signalling pathways that maintain the redox
state in cancer cells and cancer stem cells. By abrogating the cell’s survival mechanisms against redox imbalances,

the ability of redox-related therapies to halt cancer can be enlarged.

3. ROS modulate the regeneration process

In the previous section, we summarized the involvement of ROS in tumour initiation, growth and metastasis. To
highlight the dual role of ROS, we will also discuss their function in a normal physiological situation, i.e.

regeneration. Regeneration and cancer share similar underlying events, but result in a different outcome (section
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3.1). As such, we will emphasize the redox-related aspects of the shared processes, among which cell proliferation,

apoptosis and differentiation.

Regeneration is a complex concept, defined differently depending on the context. Regeneration covers processes
from tissue repair to asexual reproduction. Basically, all these processes result in the same outcome, which is the
recreation of damaged or lost cells, tissues, organs and even entire body parts without the formation of scar tissue
and with complete functional integration [108]. Many organisms possess good regenerative capacities in early life
stages, especially as embryos or larvae, but lose this ability during metamorphosis, puberty and ageing [109].
However, some organisms maintain excellent regenerative capacities throughout their adult lives, being able to
regrow certain tissues, organs or even complete structures (limbs, lens, retina, spinal cord, brain, heart, and
neurosensory cells) [109, 110]. This lifelong ability to regenerate is widespread in the metazoan phyla, ranging
from invertebrates such as flatworms, cnidarians (Hydra), Arthropoda and Asteroidea (star fish) to vertebrates

including zebrafish, newts, clawed frog, axolotl and even mammals such as deer and spiny mice [110-113].

The regeneration process generally proceeds in three main phases: wound closure, cell proliferation/differentiation
and growth [111, 112]. After injury, wound closure is characterized by muscle contractions, filament re-
organization and the formation of a wound epithelium. In the second phase, new cells are necessary to re-establish
the lost tissue or structure. An orchestra of perfectly timed signalling factors maintains a correct balance between
cell proliferation, differentiation and apoptosis, guiding the acquired cells to their correct destination. All of these
processes are subjected to the redox balance, although the exact function of the redox signature during regeneration
is still being investigated. Many in vitro and in vivo studies already demonstrated the importance of ROS signalling
in the context of neuroregeneration. For example, ROS production has been associated with neuronal
differentiation in neuronal stem cells and with the induction of neurite outgrowth in hippocampal cell lines [114-
118]. Improved regenerative capacities of mechanosensory axons were discovered after an inactivating mutation
in an extracellular peroxidase gene (i.e. pxn-2) in C. elegans, [119]. Rieger and Sagasti showed that increased
hydrogen peroxide levels at the wound site are necessary for peripheral sensory axon regeneration following skin
injury in zebrafish larvae and that an inhibition of DUOX 1 resulted in impaired fin regeneration [120]. Lately
more and more publications indicate the importance of ROS signalling for successful regeneration of complete
body structures [121-123]. Both Love and Gauron [121, 122] published in Nature about the importance of a ROS
burst at the wound site for proper tail and fin regeneration of Xenopus tadpoles and zebrafish, respectively [121,
122].

It is hypothesized that ROS signalling modulates the regeneration process through the regulation of three crucial
cellular processes: proliferation, apoptosis and differentiation. Perfect orchestration of these processes results in
the formation of a blastema, a regenerative structure of newly differentiated cells that will give rise to the newly
formed structure [112]. ROS are necessary for blastema formation, since an inhibition of ROS production results
in a significant reduction in the blastema size as well as a diminished number of mitotic cells after the inhibition
of ROS production. Love and colleagues investigated the signalling pathways controlling cell proliferation, and
showed that increased ROS levels are necessary for the activation of the Wnt/B-catenin signalling pathway, which
confers polarity and controls cell fate, as well as for one of its main downstream targets, fgf20, during posterior
regeneration [122, 124, 125]. During the developmental process, activation of the Wnt/B-catenin pathway via ROS
signalling is modulated through NRX, a small redox-sensitive protein (see 1.4.1: ROS & patterning). It is likely
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that ROS-induced activation of the Wnt/p-catenin signalling pathway during regeneration also acts via NRX.

However, this has yet to be confirmed.

Apoptosis is a redox-controlled process and Gauron and collegues were the first to link ROS production and the
induction of cell death in a regenerative context [121]. They showed that NOX inhibition reduces the number of
apoptotic cells and inhibits JNK activation. Exposure to inhibitors of ROS production, apoptosis, and JNK all
significantly reduce the number of proliferative cells and lead to impaired regeneration. These data suggest that
ROS signalling is necessary for the activation of the cell death process and JNK cascade, which work in parallel
to coordinate successful regeneration. MAPKSs also influence cell differentiation. For example, during planarian
regeneration, JNK and ERK regulate the differentiation process. Inhibition of these enzymes blocks the cell cycle
and results in a reduced blastema formation [126-129]. Although MAPKs are shown to be redox-controlled in
various cellular and physiological processes, it still needs to be clarified whether ROS are the upstream triggers of

MAPK activation during regeneration.

Both ROS production and innervation seem to be crucial factors to achieve successful regeneration. However,
little is known about the crosstalk between both signalling processes [130, 131]. It has been shown that ROS
regulate neuroregeneration and differentiation [114-120]. Nevertheless, the question remains whether the general
impairment of the regeneration process is a direct result of ROS inhibition or if it is induced through the inhibition
of neuroregeneration and a lack of innervation. Removal or manipulation of nerve cords leads to incorrect
regeneration in various invertebrate and vertebrate organisms [132, 133] . For example, Endo demonstrates the
importance of the nervous system during newt ectopic limb regeneration and shows that denervation before
amputation/injury or in the early phase of blastema formation induces regression of the blastema and inhibits
successful regeneration [111]. To find the answers concerning the cross-talk between the redox balance and the
nervous system, more information must be gathered about the molecular mechanisms through which they both
regulate the regeneration process. Different regulation and activation of redox-associated pathways, including the
MAPK cascades, result in dissimilarities in neuroregenerative capacities between peripheral neurons, which have
the ability to regenerate after injury in most invertebrate and vertebrate organisms [134, 135]. Considering their
importance in the regulation of cell proliferation, differentiation, survival and migration, it is not surprising that in
various carcinogenic conditions, deregulation of the MAPK pathways is observed (discussed in the introduction
section) [31]. Studying redox-controlled pathways that regulate the regeneration process and carcinogenesis,

including the MAPK cascades, will provide crucial information to improve ROS-related therapies.

3.1. Regeneration and cancer: following similar pathways to different destinations

Cell proliferation, differentiation, death and migration are important processes during both regeneration and
cancer. While they are well coordinated during the regeneration of lost body parts, which is a normal physiological
process, the disease cancer is characterized by an uncontrolled execution of these processes and a failure to heal.
The initial signals, such as the capacity to sense damage and activate cell proliferation, are most likely unimpaired,
while the later events of regeneration, including tissue formation, remodelling, and the production of termination
signals, are lost during cancer [61, 108]. The regenerative environment is therefore suggested to suppress

carcinogen-induced malignant transformation [61, 108]. Animals with high regenerative capacities, such as
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urodeles and planarians, functionally repair induced damage and regenerate over and over without malignant
transformations [108, 136, 137]. Newts, for example, successfully regenerate limbs and lenses many times over a
relatively short period, and even when chemical carcinogens are injected locally within the newt eye during lens
regeneration, the dorsal iris (capable of lens regeneration) does not form abnormal cells and is resistant to tumour
formation. On the contrary, in the ventral iris (hon-regenerating) an exposure to carcinogenic compounds results
in abnormal cells that give rise to aggressive tumours [61, 108]. This was again confirmed in the planarian
Dendrocoelum lacteum, in which carcinogenic exposure of regenerating tissues induced mild differentiated
hyperplasia, whereas infiltrating tumours emerged in non-regenerating tissues. The regenerating tissue was even
able to reverse malignancies into differentiated structures and regain morphostasis [61, 108, 136, 137]. Although
the absolute numbers of cell division in newt or planarian regeneration do not reach those seen during normal
cellular turnover of, for example, mammalian skin over a lifetime, potent tumour suppressive functions must be
present during the regeneration process of these organisms. However, as the entire organism remains susceptible
to cancer, though often with a lower incidence, the ability to control tissue morphogenesis and impair unrestrained
proliferation and tumour formation seems to be a property of actively regenerating tissues and their
microenvironment [61]. In the highly regenerative mammalian liver, 95% of carcinogen-induced tumours also
remodel into normal tissue [137]. Thus, fundamental differences between regeneration and cancer lie in the
coordination of responses and in gene expression patterns rather than in structural or species-specific capacities
[108, 138]. Indeed, the underlying molecular and cellular mechanisms of these processes display a lot of
similarities. Between renal regeneration and repair and renal cell carcinoma for example, 77% of the differentially
changed genes were found to be concordant [138]. Therefore, a comparison of regenerative and carcinogenic
processes could reveal redox-controlled pathways that regulate, co-regulate or initiate cell proliferation,
differentiation, death and migration. In the next paragraphs, common redox-controlled molecular, cellular and
mechanistic contributors of both events will be discussed. A special emphasis will be put on stem cells. These cells
are important for regeneration and can transform into cancer stem cells which are essential in the building and
supporting of tumour microenvironments, in providing metastatic niches and in maintaining cancer hallmarks [99,
139, 140].

3.1.1. Genes

Perhaps one of the best characterized groups of genes which link cancer with regeneration is the family of tumour
suppressor genes. These genes regulate proliferation-dependent and possibly also proliferation-independent
aspects of regeneration [61]. Tumour suppression may therefore be an ancestral mechanism which surveys changes
in the environment, such as loss of tissues, to orchestrate the appropriate proliferation and differentiation responses
that are needed (wound repair or regeneration) while suppressing tumourigenesis [54, 61]. Abundance of these
regulatory molecules permits cell cycle re-entry from a quiescent state in early life stages, but works restrictive as
the organism ages, thereby limiting its regenerative abilities [109]. The function of tumour suppressors varies with
developmental stage and age within a species, and variable components are present in different species. Important
tumour suppressors involved in carcinogenesis and regeneration programs are Rb, p53, PTEN and Hippo. Rb and
p53 prevent inappropriate proliferation and eliminate or enable repair of stressed or genome-damaged cells, which
is important for ensuring a healthy and tumour-free regenerate [61]. A crucial role of Rb in the transition from a

proliferative to a post-mitotic differentiated state has been demonstrated in developmental studies in mice, where
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the absence of Rb resulted in a failure of organized haematopoiesis, neurogenesis and myogenesis [141, 142].
Regulation of p53is critical for proper limb regeneration in salamanders [143], imaginal disc regenerative potential
in Drosophila [144] and in axonal and liver regeneration in mice [145, 146]. The tumour suppressors PTEN and
Hippo are important in restraining and organizing tissue growth [61]. PTEN is an important negative regulator of
the PI3K signalling pathway, which constrains cell size, cell number and survival and is among the most frequently
inactivated tumour suppressor genes in human cancer [147, 148]. PTEN-dependent pathways are involved in axon
regeneration after injury and control B-cell regeneration in aged mice [149, 150]. In planarians, PTEN deficiency
results in the impairment of stem cell differentiation and inhibits regeneration [151]. The Hippo signalling pathway
is a more-recently-identified growth control pathway, which negatively regulates yorkie or its mammalian
homolog YAP (yes-associated protein 1) which is overexpressed in various cancers [61, 152, 153]. During
intestinal regeneration, the Hippo pathway controls YAP to allow compensatory proliferation while preventing
malignant transformation [153]. A knockdown of the Hippo pathway in the flatworm Macrostomum lignano

results in aberrant regeneration [154].

Other genes important in both cancer and regeneration are EGFR encoding genes. EGFRs regulate biological
processes such as cell proliferation and differentiation and are important in carcinogenesis to support tumour
growth, differentiation, survival and angiogenesis [155-158]. This signalling pathway is also required in
regeneration, for example in adult midgut epithelial regeneration in Drosophila and liver regeneration in mice
[159, 160]. Silencing of EGFRs during regeneration of the planarian Schmidtea mediterranea resulted in smaller
blastemas, abnormal differentiation of cephalic ganglia, decreased regeneration of eye pigment cells and abnormal
pharynges and mouth openings [155]. Examples of other interesting genes and pathways involved in both
processes are [3-catenin [161-163], mTOR [164], the transforming growth factor p (TGFB)/bone morphogenetic
protein (BMP) and JAK/STAT [155].

3.1.2 Mechanisms

Cancer and regeneration are not only linked at the molecular level, they also share common mechanisms and
pathways. Important mechanisms during cancer and regeneration are the epithelial-mesenchymal transition (EMT)
and the reverse mesenchymal-epithelial transition (MET). These processes are active in various types of cancer
and during wound repair and tissue regeneration of adult tissues [66, 165-167]. A critical molecular event during
EMT is the loss of E-cadherin, a key component of adherens junctions. This loss releases p-catenin into the cytosol
and elicits activation of the canonical Wnt signalling pathway, again important in both regeneration and cancer
[163, 165].

Secondly, disturbances in gap junction-permeable signals and gap junction-mediated cell communication play a
role in carcinogenesis and are linked with developmental and regeneration disorders during embryonic
morphogenesis [137, 168-171]. In mice, the expression of specific connexins is upregulated during skeletal muscle

regeneration [104]. Regenerating planarians exposed to gap-junction blockers regenerate two heads [172, 173].

It has long been known that the immune system and inflammation are linked with cancer, but recently more and
more research also illustrates the importance of the immune system in the regeneration process [174-178]. Cells
of the immune system remove damaged cells and cell debris, produce signalling and growth factors, regulate

angiogenesis and modulate the extracellular matrix environment in the first stages after injury. Herein, ROS play
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a crucial role, acting both as antimicrobials as well as signalling molecules [5]. Loss of immune cells, such as
macrophages, results in impaired regeneration [176, 177]. In addition, there is a reverse correlation between
immunity and regeneration abilities, since a decreased regenerative capacity was linked with the maturation of the

immune system in various vertebrate organisms [178, 179].

Regeneration and carcinogenesis share many similarities as to redox-controlled processes and mechanisms, yet
have different outcomes (Fig. 3). Now the question arises: can ROS be the controlling “agents” we are looking for
to overcome or even avoid cancer formation? A redox burst initiates and regulates both wound healing and
regeneration. After the regeneration process is completed, ROS levels decrease until normal physiological levels
are reacquired. Altered ROS levels are also observed during carcinogenesis, but the redox balance remains
disturbed throughout the entire duration of tumour formation [180]. Unfortunately, it is not a simple prolonged
redox status that leads to cancer. Although many cancer treatments based on alterations in the redox balance
produce successful results, they often lack specificity and have damaging side effects on healthy tissues. Knowing
the similarities and differences in redox control between regeneration and carcinogenesis will open doors to the
fine-tuning of pre-existing therapies and the development of novel diagnostic and therapeutic targets not only to

overcome, but also to prevent tumour development (Fig. 3).

4. Redox-related anticarcinogenic targets in regenerative mechanisms

4.1. Direct redox-related anticarcinogenic targets

The different redox signature of cancer cells and non-cancer cells is an opportunity to selectively target cancer
cells with redox-based cancer therapies (Fig. 3). Both ROS-elevating and -eliminating strategies have been
developed against cancer cells, since modest ROS levels enable tumour growth and survival, while excess levels
inhibit tumour cell proliferation and induce apoptosis, autophagy and necrosis. These strategies are reviewed by
Gupta et al. [85], Glasauer et al. [181] and Wondrak et al. [182].

Pro-oxidant based therapies elevate ROS levels by using ionizing radiation, ROS-generating chemotherapeutic
agents or agents that interfere with the antioxidant system. They are based on the fact that cancer cells already
possess elevated ROS levels and that a further increase in ROS will induce a redox shift resulting in cancer cell
death, the inhibition of cancer cell proliferation or motility. Since normal cells generally have higher capacities to
cope with additional ROS-producing insults than cancer cells, it is possible to preferentially accumulate ROS in
cancer cells and kill them selectively [1, 33, 85, 87, 182-184]. ROS-depleting strategies, on the other hand,
decrease ROS levels by using antioxidants, enhancers of ROS scavenging enzyme activities or NOX inhibitors.
They are based on the fact that ROS signalling is important in cancer cell proliferation and that a disturbance of
this signalling inhibits tumour growth. Most strategies, however, work through ROS generation and the consequent
induction of cell death [1, 33, 85, 183, 184]. Table 1 represents a few of the most described therapeutic procedures

of ROS elevating and eliminating strategies, which will be briefly illustrated below.

4.1.1. ROS elevating strategies for cancer therapy
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One of the main strategies of ROS-elevating therapies is pushing the cancer cells into cell death. A subdivision is
made between agents that elevate ROS directly and agents that interfere with the antioxidant system (Table 1).
Procarbazine, for example, was one of the first drugs developed based on its hydrogen peroxide production and is
approved for the treatment of Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, malignant melanoma and for
primary brain tumours (Table 1) [85, 185, 186]. Other ROS-generating compounds not mentioned in table 1, but
also used in cancer therapy or promising as novel therapeutic agents are, among others, imexon [187], elesclomol
273 [182, 188], bufalin [189], the natural alkaloid piperlongumine [190-194], hirsutanol A [183, 195, 196], the
fatty acid derivative trans-10, cis-12 conjugated linoleic acids [183, 197, 198], andrographolide [199-201], emodin
[202-204] c-phycocyanin [33, 205], bortezomib [206] and the vitamin E analogue tocopheryl succinate [33]. They

mainly induce apoptotic cancer cell death, but also affect cancer cell proliferation, angiogenesis and metastasis

Aside from ROS-generating compounds, radiotherapy also uses ROS to eliminate cancer cells as demonstrated in
a number of preclinical and clinical studies [85]. Furthermore, there are also many promising chemotherapeutic
agents that indirectly increase ROS levels as well, which can lead to apoptosis, inhibition of angiogenesis and

metastasis, or reduced proliferation in various cancers (Table 1).

Besides being used as monotherapy, ROS-generating agents are currently combined with chemo— and radiotherapy
to increase the vulnerability of cancer cells to these treatments [85, 146]. The nutraceutical curcumin possesses
both antioxidant and pro-oxidant activities, depending on the concentration and cancer type, and induces ROS-
dependent inhibition of proliferation as well as death of chemoresistant cells by sensitizing them to chemotherapy
[85, 182, 207]. A combination of curcumin with tamoxifen correlates with an increase in ROS generation and
results in synergistically induced cell death, both apoptosis and autophagy, in chemoresistant melanoma cells,
without affecting noncancerous cells [208]. Other potential therapies that are used to sensitize chemo- or
radioresistant cancer cells via ROS generation include triptolide [209], 2-methoxyestradiol [210], emodin [211],
D-allose [212], withaferin A [213], and As;O3 [214].

4.1.2. ROS eliminating strategies for cancer therapy

Agents with the potential to inhibit ROS generation are currently under development or used as cancer therapy,
although less frequently than ROS-elevating agents. These agents induce cancer cell death, suppress proliferation,
angiogenesis or metastasis. As for the ROS-elevating strategies, ROS can be eliminated directly or by acting upon
the antioxidant system (Table 2). The effectiveness of ROS-decreasing therapies in cancer treatment is
demonstrated in experimental studies in which overexpression of MnSOD decreases the proliferation of androgen-
independent human prostate cancer cells. Overexpression and/or delivery of other compounds of the antioxidant
system, such as glutathione peroxidase, catalase or SOD enzymes, has likewise been proven to be effective in
animal models (Table 2) [215-218]. ROS scavengers, such as the precursor of cysteine glutathione, N-acetyl-
cysteine (NAC), have also been proven to be effective as NAC is correlated with a decreased proliferation of
glioma cells (Table 2) [219]. A direct reduction of ROS production, for example via the inhibition of NOX
enzymes, similarly increases apoptosis, as shown in prostate and pancreatic cancer cells, and inhibits angiogenesis
and cancer cell invasion (Table 2) [88, 220-222].
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Given the importance of a balanced redox state in the regulation of proliferation, cell death and migration,
antioxidant therapies are also incorporated into conventional chemotherapeutic or radiation treatment protocols to
scavenge therapy-induced ROS and, in this way, protect healthy cells and tissues [85, 223, 224]. Amifostine is an
example of such a free-radical scavenger drug that protects normal but not malignant cells against therapy-induced
ROS [225].

In conclusion, despite all the positive effects of redox-based therapy on tumours, there are still some major
concerns regarding their use [87, 181, 182]. First of all, as ROS regulate numerous signalling pathways, these
therapies can therefore be toxic for the surrounding tissues where they generate ROS-induced off-target effects on
the proliferation, migration and survival of healthy cells. As such, combinatorial antioxidant therapies that serve
as cytoprotective adjuvants are used to prevent cancer therapy-associated organ toxicity [182, 226]. Secondly,
ROS-induced biochemical and molecular changes may contribute to the emergence of drug resistant machineries
of cancer cells during disease progression. For example, increased resistance of multi-drug resistant leukaemia
cells to cytotoxic effects of hydrogen peroxide was found to be mainly caused by elevated catalase levels. The
resistance of bladder cancer cells to arsenic trioxide was associated with elevated SOD activity and reduced GSH
content [85]. Thirdly, improvident interference with the redox balance can have undesirable outcomes. For
example, while antioxidant supplementation reduces ROS and DNA damage, it prevents p53 activation and
increases tumour cell proliferation and tumour growth in mice [227]. Finally, the heterogeneous cell population of
tumours, consisting of cancer cells and cancer stem cells with different redox states, impedes a general redox-
altering approach. To tackle these problems, we should obtain further insights into redox-related signalling
pathways and regulatory networks that control cell proliferation, death and migration. A combination of direct
redox-altering therapies with therapies that target indirect redox-related processes can enhance drug efficiency and
specificity. In this regard, interesting targets can be searched within the regeneration process, in which cell

proliferation, death and migration are efficiently controlled and, presumably, redox-regulated.

4.2. Indirect redox-related anticarcinogenic targets

The redox state not only affects cell proliferation, death, and migration directly, it also alters these processes
indirectly through the regulation of molecular or systemic pathways. In the following sections, we will focus on

the indirect redox-related targets that are promising for anticarcinogenic therapies.

4.2.1. Cellular redox-related targets

Tumour suppressor genes as therapeutic targets

Probably one of the most studied tumour suppressor genes in cancer research is p53. This tumour suppressor and
nuclear transcription factor is important for the induction of cell cycle arrest, as well as for DNA repair, senescence,
apoptosis, autophagy and the metabolism [228-230]. In most tumours p53 is hijacked, either by mutations or
deletions that disrupt its DNA-binding activities and prevent the consequent transcriptional transactivation of
target genes, or by posttranslational modifications or cytoplasmic sequestrations that disturb p53 activity [228,

230, 231]. In addition, inactive p53 pathways in cancer cells are associated with a higher resistance to conventional
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753 chemo- and radiotherapy [228, 231, 255]. Therefore, reactivating suppressed p53 or rescuing mutant p53 in
754 tumours may trigger lethality or permanent growth arrest in p53-deficient cancer cells, which is a promising
755 strategy for successful anticancer treatment. Since p53 also protects normal tissues against off-target effects of
756 cancer therapies, p53 restoring therapies also bypass deleterious side effects resulting from most of the current
757 cancer treatments [228, 231, 255, 256]. For many years now, the modulation of p53 for cancer therapy is a very
758  active area of research [255]. For example, wild-type p53 functions in humans are restored via the use of virus-
759 mediated p53 gene replacement [231, 255, 256]. Adenovirus-based p53 gene therapies have been approved by the
760  Chinese government for the treatment of head and neck carcinomas, in which p53 mutations are frequent and
761 increase with progression of the disease [231, 256]. Another way to restore p53 function is by pharmacologically
762 activating wild-type p53, for example by blocking murine/human double minute 2 (MDMZ2) or its human
763 counterpart HDM2, negative regulators of p53 stability. HDM2 is overproduced in many human tumours as a
764 mechanism to restrict p53 function, leading to inefficient growth arrest and apoptosis. The small molecule
765 compound RITA (reactivation of p53 and induction of tumour cell apoptosis) and the nutlin RG7112 are examples

23



766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790

791
792
793
794
795
796
797
798
799
800
801
802
803
804

of compounds that activate p53 via these regulators and induce apoptosis and cell cycle arrest specifically in cancer
cells without initiating DNA damage in normal cells [229, 231, 255, 256]. A restoration of the wild-type
conformation and DNA binding capacities of mutant p53 is achieved by systemic administration of PRIMA-1 (p53
reactivation and induction of massive apoptosis) and its structural analogue PRIMA-1Met (APR-246), which
induce apoptosis and inhibit tumour growth in vivo with a high degree of target specificity [228, 231]. Both
compounds have been tested in primary leukemic cells from acute myeloid leukemia and chronic lymphocytic
leukemia patients and APR-246 is being tested in a phase | clinical trial of patients with haematological

malignancies or prostate cancer [256]. Other treatments that target p53 are reviewed by Chen et al. [231].

Limitations of p53-based cancer treatments are reviewed by Miryazans et al. [257] and include the indirect
targeting of downstream effectors of the p53 pathway, which could interfere with the therapy efficiency or even
worsen the outcome. For example, p21, a downstream target in the p53 pathway, induces cancer cell senescence,
which is thought to trigger the secretion of growth-stimulating and metastasis-inducing factors. By targeting p53,
p21-induced senescence could promote the growth of neighbouring cancer cells. For the same reason, tumour cell
heterogeneity, which results into a wide variety of responses within a tumour, could limit p53-based cancer
treatments. A last critical challenge of p53-targeted therapies is the elimination of cancer stem cells that drive
abnormal tumour growth and exhibit a high resistance to cytotoxic effects of therapeutic agents. Especially at
advanced stages, the high-genetic plasticity of human tumours increases the chance for acquired resistance to most
single-agent therapies. Therefore, combinatory approaches in cancer therapy are often necessary and are
extensively sought after. Since p53 is regulated in a redox-dependent manner and exerts its effects on cell
proliferation and cell death via regulation of the cellular redox state, combinatorial therapies that target the redox
balance could improve their efficiency. Redox-related anticarcinogenic targets and their effects on stem cells

should be studied within the controlled environment of regeneration [228, 256].

Signalling pathways as a therapeutic target

Many signalling pathways that regulate cell proliferation, cell death, differentiation and migration are controlled
by the cellular redox state. As such, the redox-regulated transcription factors HIF-1, NF-kB, and Nrf2 are potential
therapeutic targets considering their roles in malignant tumour progression. A subunit of HIF, named HIF-1a,
supports cancer cell proliferation and chemoresistance and inhibitors of this subunit, such as PX-478, are currently
tested in clinical trials for anticancer activities [182]. NF-xB is also activated in various types of cancer and
regulates proliferation, suppression of apoptosis and migration. NF-xB induces dedifferentiation of non-stem cells
through modulation of the Wnt signalling pathway, resulting in the acquirement of tumour-initiating
capacities. Inhibitors of the NF-xB pathway, including IKK blockers (BAY-11-7082, BAY-11-7085, MLN120B),
proteasome inhibitors (Bortezomib) and NF-xB DNA-binding inhibitors (SN-50), are currently in clinical use as
cancer chemotherapeutics, whereas others are undergoing clinical development and trials [258-261]. Nrf2 controls
the antioxidant defence system and promotes protection of cells against ROS-induced damage, thereby decreasing
the incidence of tumour initiation. In this context, Nrf2-related factors are potential chemopreventive targets [262,
263]. On the other hand, Nrf2 protects cells against apoptosis and inhibition of this factor, for example through

ingestion of active stilbenes in fruits and vegetables, induces cell death in malignant cells [264].
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ROS not only directly target transcription factors, they also influence their activation through interference with
various signalling pathways. Alterations in signalling pathways such as MAPK cascades caused by abnormal
activation of receptor tyrosine kinases or gain-of-function mutations are observed in different types of cancer [265,
266]. These redox-regulated proteins are good potential targets for cancer treatment and various small molecule
inhibitors have been developed and are currently being tested in clinical trials [265, 267]. Inhibition of Ras, the
upstream activator of the ERK MAPK pathway, did not provide promising results, probably due to the
nonspecificity of these inhibitors. However, inhibition of MEK 1/2 or RAF both show interesting results as potent
anticancer therapeutics and many manufacturers are working to produce inhibitors with high specificity and
selectivity for different MAPK isoforms [31]. The possible inhibitors of the Ras/ERK MAPK signalling pathway
which are currently investigated are reviewed in detail in Santarpia et al. [265]. Not only the ERK pathway, but
also the p38 MAPK and JNK pathways offer interesting targets since they regulate apoptosis, cell proliferation,
and the inflammatory response. Just as with the direct redox-related targets, combinatorial treatment with these
therapies might trigger cancer cell death or increase the sensitivity of tumour cells to other therapeutic agents [31].
A possible reverse strategy is the activation of p38 MAPK, since this might sensitize the malignant cells to
apoptosis. Caution is however necessary since this activation might enhance the inflammatory response and

possibly cancer progression.

EGFR signalling is another redox-controlled signalling cascade involved in cell cycle progression [268-271].
Anticancer therapies frequently target mutated EGFR kinase, and inhibit processes involved in tumour growth and
progression [269, 270]. A number of monoclonal antibodies directed against its extracellular ligand-binding
domain were developed. For example, cetuximab and panitumumab block ligand-induced EGFR tyrosine kinase

activation, leading to inhibition of cellular proliferation and induction of apoptosis [269, 270].

The applied strategy (which signalling factor/pathway should be activated or deactivated) depends on the cancer
type and stage. A combination of these indirect redox-related therapies with existing redox-altering therapeutics
can enhance their efficiency. The precise control of cell proliferation, death and migration via these signalling
pathways during the regeneration process provides an interesting context to study the impact of redox interference
through these cascades on these processes. This knowledge will guide us towards the correct use of these targets
or discovery of new targets as anticarcinogenic therapeutics.

Telomerase

In 80-95% of the cancers, telomerase is overexpressed. Telomerase protects cancer cells against DNA damage,
cell senescence and the consequent induction of apoptosis, and as such promotes tumour growth. This enzyme is
also activated in adult stem cells during planarian regeneration [272]. This makes telomerase an ideal candidate
target for anticancer therapeutics. Several inhibiting strategies are being tested, including small molecule
inhibitors, antisense oligonucleotides, immuno- and gene therapies targeting the hTERT or hTER, G-quadruplex
stabilizers, tankyrase, and HSP90 inhibitors [273-275]. Based on the review of Ruden (2013), the most promising
therapies/therapeutic compounds are the antisense oligonucleotide inhibitor GRN163L and immunotherapies that
use dendritic cells (GRVACL), hTERT peptide (GV1001) or cryptic peptides (Vx-001). These agents are currently
being tested in phase | and Il clinical trials in patients with various types of cancers. Promising results were

obtained concerning the reduction of tumour growth inhibition, overall survival and disease stabilization, but
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combinatorial therapies appeared the most effective [273]. Concerning this therapeutic strategy, combining
telomerase inhibition with pro-oxidant treatments also might result in accelerated telomere shortening, cancer cell

senescence/death and tumour regression.

4.2.2. System redox-related targets

Metabolic factors as therapeutic targets

Cancer cells have an altered metabolism, (based on aerobic glycolysis) to sustain their demand for large quantities
of proteins, lipids and nucleotides as well as for energy. They require NADH and NADPH for the correct
functioning of their antioxidant systems. Targeting these reducing molecules, by targeting the metabolism,
provides an indirect pro-oxidant therapeutic intervention [182]. This can be achieved by interfering with the
glutamine metabolism, for example through inhibition of glutaminase 1 (GSL1), or with related pathways such as
aspartate transaminase (GOTL), impairing GSH synthesis and inducing cell death [181]. Another interesting
enzyme in the metabolic pathways of cancer cells is p53-inducible glycolysis and apoptosis regulator (TIGAR),
the downstream target of p53. TIGAR regulates the redox balance in tumour cells by promoting NADPH
production, generating reduced GSH to support cancer cell survival and tumour growth. A decrease in the number
of tumours and a promotion of overall survival was shown in a TIGAR-deficient intestinal adenoma mouse model
[86, 276].

The metabolism can also be targeted indirectly through alterations in the activity of redox-regulated upstream
regulators of the metabolic pathways such as HIF, PI3K/Akt and AMP-activated protein kinase (AMPK).
Metformin, an AMPK activator, has anticarcinogenic effects in both mouse models of breast cancers and in breast
cancer patients. PI3K inhibitors reversed some of the metabolic phenotypes of cancer cells, resulting in tumour
regression. Insulin-like growth factor receptors (IGFRs) regulate various signalling cascades, including the
PI3K/Akt pathway, which makes them potential new targets for cancer therapy. However, it must be noted that
these signalling pathways not only control the metabolism, they also act as upstream regulators of non-metabolic
pathways. Studying the redox-regulated metabolic control and the precise roles of the upstream signalling factors
during regeneration will provide a complete picture of their regulation of proliferation and cell death to optimize

their function as specific anticarcinogenic targets.
Inflammatory factors and the nervous system as therapeutic targets

Although the immune and nervous system do not directly influence proliferation, differentiation or cell death, both
systems are redox-regulated and have important roles during the carcinogenic process, therefore providing

important targets for the development of anticancer drugs, which are discussed below.

Leukocyte recruitment and activation of both the innate and the adaptive immune system are directly related to
tumour onset. Although not all the details are fully understood, various studies on long-term therapy with anti-
inflammatory drugs demonstrate their usefulness in inhibiting tumour progression and the development of
malignancies. Analyses performed by Rothwell and colleagues revealed that daily aspirin users had a significantly
lower risk of death from cancer (the 20-year risk of cancer death was reduced by 60% for gastrointestinal cancers

and by 30% on average for other solid tumour cancers, including oesophageal, pancreatic, stomach, lung, brain
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and prostate cancers) in comparison to the group that did not receive a daily aspirin dose [277]. These analyses
confirmed the results of earlier studies, which indicated that daily use of aspirin and other non-steroidal anti-

inflammatory drugs (NSAIDs) reduced the risk for colorectal tumour formation and reoccurrence of these polyps.

The immune system can also be targeted via the activation of granulocytes. These cells are important suppressors
of tumour growth. Activated granulocytes produce ROS, thereby altering the redox environment of cancer cells,
and generate other cytotoxic factors, such as proteases and membrane-proliferating agents. Granulocytes are
recruited naturally into the tumour, but do not reach critical numbers to significantly affect the tumour via their
cytolytic activities. Their presence results in tumour progression and metastasis because of the cross-talk between
granulocytes and cancer cells. Augmenting the granulocyte activation and recruitment, which can be achieved by
treatment with granulocyte colony-stimulating factor, increases specific antibody dependent cytotoxicity and

decreases immunoresistance [259, 278].

Not only the immune system, but also the nervous system is involved in cancer development, as was indicated by
multiple studies. A process named perineural invasion (PNI) improves tumour growth and metastasis through
survival signals of the neurons and migration along the native nerve fibres [279, 280]. The adrenergic fibres from
the sympathetic nervous system were identified to be responsible for the promotion of tumour development and
survival via B2- and B3-adrenergic receptors, while cholinergic cells of the parasympathetic system promote
tumour cell invasion and migration [279]. The 5-year disease-free survival rate is four-fold larger for patients with
PNI-negative colorectal tumours in comparison to patients with PNI-positive tumours. The 5-year overall survival
rate is 72% for PNI-negative tumours versus 25% for PNI-positive tumours [281]. The perineural system can be
targeted by inhibition of the neurological functioning through intake of blockers that diminish tumour growth.
Recent epidemiological data suggest that B-blocker intake is associated with improved survival of prostate cancer
patients [279]. Targeting of the nerve growth factor (NGF) also inhibits tumour cell progression, survival and
migration in breast cancer [282]. Although further research is necessary, these data already demonstrate the

possibilities of drugs targeting both branches of the autonomic nervous system for cancer treatment.

The immune and nervous system are not only involved in carcinogenesis, they also come forward as important
factors during the regeneration process. Their role, however, is adverse. The evolutionary improvement of the
immune system in higher organisms, especially in vertebrates, resulted in the loss of regenerative capacities, while
presence of neuronal cells is crucial for regeneration to proceed [283]. Acquiring more insights concerning their
function in the regeneration process, and the role of the redox balance herein, in order to compare it with their
function during the carcinogenic process, can deliver new insights in potential mechanisms that can be targeted to
treat or even avoid tumour formation. In this way, not only new targets can be found, but also existing treatments

can be improved.
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Figure 3: Redox-related anticarcinogenic targets in regenerative mechanisms. Regeneration and cancer share
many similarities, but have very opposite outcomes. The redox signature modulates the responses of cells to injury
in both processes. During regeneration, ROS signalling induces controlled cell proliferation, death and migration
for successful formation of the missing tissue. When growth and functional integration into the existing tissues are
completed, regeneration stops. However, during carcinogenesis the redox balance is disturbed and increased ROS
levels will cause DNA damage and loss of control over these cellular processes, leading to unwanted tumour
formation. Moreover, these tumour cells keep on dividing uncontrollably, ultimately resulting in death of the
organism. Since the redox signature controls regeneration and carcinogenesis, both at initiation and during later
stages, studying the role of the redox balance in controlling these mechanisms during regeneration, could provide

interesting targets to control, overcome and even avoid cancer.

4.2.3. Cancer stem cells as a therapeutic target

Studying the process of regeneration is not only important in the abovementioned processes, it also delivers new
insights into the underlying mechanisms of totipotency and pluripotency in stem cells, which again can be used in
anticancer therapies, e.g. to target cancer stem cells. While conventional anticancer therapies predominantly attack
the bulk tumour cell populations, cancer stem cells are often resistant to these therapies. As they seem to be the
only fraction of tumour cells capable of initiating a new tumour, unmasking the factors that sustain cancer stem

cell survival is necessary to develop more efficient therapies that reduce the risk of tumour relapse and metastasis
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[284-286]. One of the upstream regulators of the various phases of the cancer process and of stem cell quiescence,
both during cancer and regeneration, is the redox balance. Understanding its exact role in the activation/regulation
of the specific stem cell processes offers opportunities towards new therapeutic strategies against cancer [284]. In
the following sections, examples of existing and promising therapies that target the redox balance of cancer stem

cells will be discussed.

Cancer stem cells often possess a higher resistance to radio- or chemotherapy as a result of higher defence
potentials against ROS. Adhesion molecules and stem cell markers, such as CD44 and its alternative mRNA
splicing variant CD44v, which stimulate the intracellular GSH levels, are examples of protection mechanisms of
cancer stem cells against high environmental ROS levels (as explained in section 2.3.2) [287]. An upregulation of
CD44 in cancer stem cells is believed to be responsible for the incurability of glioblastoma multiforme, the most
aggressive brain tumour. Therapies that target CD44, through RNAI or via administration of a monoclonal
antibody, are able to disturb the ROS defence of cancer stem cells and are potential therapeutic targets to kill

cancer stem cells in various tumours [1, 286, 287].

Another defence mechanism of cancer stem cells is the expression of multidrug resistance ABC transporters that
pump redox-altering drugs out of the cell. The chemoresistance mediator ABCB5 positively correlates with
neoplastic progression in human melanoma patients and is preferentially expressed by melanomas with high in
vivo tumorigenic capacity and of metastatic tumour origin. Administration of an anti-ABCB5 antibody
substantially inhibits tumour formation and growth in melanoma mice and overcomes resistance to the H,O.-

generating, chemotherapeutic agent doxorubicin [286].

Cancer stem cells also protect themselves against redox-altering chemotherapies and targeted therapies by
maintaining a quiescent state. The induction of differentiation in quiescent cancer stem cells is therefore a
promising approach to eliminate cancer stem cells. This can be achieved among others by administration of Notch
pathway inhibitors, which were shown to deplete medulloblastoma stem-like cells or by enforced expression of
miRNAs which induces differentiation of breast cancer stem cells and inhibits their tumour-forming ability in
mice. Doxorubicin and cyclophosphamide therapy in combination with an epigenetic therapy with the
demethylating agent hydralazine and the histone deacetylase inhibitor magnesium valproate also induces cancer
stem cell differentiation and improves clinical outcome of breast cancer patients [286]. Arsenic trioxide is thought
to eliminate cancer stem cells through degradation of PML, a tumour suppressor gene involved in the chromosomal
translocation of promyelocytic leukaemia as well as an important factor in maintaining the quiescent state of CML

cancer stem cells, and through increasing ROS levels [1].

Finally, the preferential activation of the DNA damage checkpoint response and increased DNA repair capacity
which can diminish therapy-induced ROS damage is thought to increase the radioresistance of cancer stem cells.
An inhibition of the Chk1 and Chk2 checkpoint kinases for example reversed the radioresistance of CD133+

glioma cancer stem cells [286].

Not only stem cells but also the tissue microenvironment, consisting of resident and infiltrating host cells and

components of the extracellular matrix, play an essential role in regeneration, cancer development and the
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modulation of cell responses to cancer treatments [95, 287]. The niche of cancer stem cells controls their self-
renewal, proliferation, differentiation and apoptosis and protects them against genotoxic insults. In addition, it can
generate cancer stem cells through induction of stem-like features in more differentiated tumour cells by
reactivating the Wnt pathway. The niche of cancer stem cells is also involved in metastasis by inducing EMT and
by formation of a premetastatic niche for secondary tumours. The niche and its mediators are therefore also used
as targets for anticancer therapy [95, 287]. An example are the anti-MET antibodies that inhibit hepatocyte growth
factor, produced by the microenvironment, to bind to the tyrosine kinase receptor MET, and in this way inhibit

colon cancer growth [285].
Conclusion

ROS signalling is involved in multiple cellular processes including cell proliferation, cell death, cell differentiation
and cell migration through which they regulate correct physiological responses and tissue regeneration. A
controlled redox balance is also crucial to maintain self-renewal capacities and to regulate stem cell fate.
Disturbances in this balance, induced by either endogenous or external factors, initiate many pathological
conditions including neurodegeneration, immunity disorders and cancer. In tumours, ROS are not only important
for the induction of DNA damage in proto-oncogenes, oncogenes or tumour suppressor genes, disturbances in the
redox signature also support cancer cell survival through altering signalling pathways, affecting the
microenvironment and promoting migration and metastasis. Therefore, cancer cells and cancer stem cells regulate
ROS levels dynamically to enable this oxidative damage and malignant transformation while avoiding cell death.
Pro-oxidative mechanisms include upregulation of ROS-producing enzymes via tumour suppressor genes and
oncogenes, and stimulation of the metabolism. The activation of redox-sensitive transcription factors that
upregulate antioxidant ROS scavenging enzymes and promote metastasis are strategies of cancer cells to prevent
ROS levels to reach a cell death threshold. Many redox-based anticarcinogenic therapies that target the differential
redox state of cancer cells in comparison with non-cancer cells are currently being developed and applied.
Although they give positive outcomes concerning tumour regression and prevention of metastasis, these therapies
have disadvantages such as a lack of specificity and induction of drug resistance. Especially cancer stem cells,
which possess enhanced protection mechanisms against ROS-induced stress, are less vulnerable to redox-based
anticarcinogenic therapies, thereby increasing the chance of tumour relapse. To tackle these shortcomings of direct
redox-related therapies, better insights concerning the involvement of the redox balance as a regulator in cancer-
related processes should be obtained. In this regard, the regeneration process, which is a normal physiological
process in diverse animals and/or life stages, offers a unique context to study the importance of ROS signalling in
controlling cell proliferation, cell death and cell migration. Various genes and mechanisms that are essential in the
establishment of successful regeneration have been shown to be disturbed in carcinogenesis, many of which are
redox-controlled. These genes and mechanisms offer interesting indirect redox-related targets to fine-tune existing
therapies. For example, therapeutics targeting tumour suppressor genes like p53 or MAPK cascades are promising
for the treatment of cancer. In addition, new insights in behaviour and adaptive responses of stem cells to changing
environments as well as during unsuccessful regeneration could reveal potential therapeutic targets against cancer

stem cells.
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Redox-related direct and indirect mechanisms are not only interesting in cancer treatment, but also in cancer
prevention. Epidemiological studies that linked high consumptions of antioxidant-rich fruits and vegetables with
a better health, have led to the assumption that dietary intake of antioxidants, such as curcumin, reduces ROS and
ROS-associated diseases. Although people with certain genetic polymorphisms in antioxidant genes might benefit
from these supplements, some caution must be exercised. An improvident use of antioxidants has been associated
with a decrease in general health and even an elevated risk of mortality. The potential impeding effects of
antioxidants with treatment success of radio- and chemotherapy, both depending on ROS to induce cytotoxicity in

tumours, has also been a subject of discussion in the medical community.

In summary, redox-related therapies are interesting and active areas of on-going cancer research. However, more
resources should be invested in studies that explore the basic defaults that occur in the initiation of cancer
transformation. Since high regenerative capacities are associated with tumour repressing abilities, unravelling
regeneration processes that suppress malignant transformation provide opportunities to overcome, treat and even

avoid cancer.
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