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Over a century ago, it was found that a rapid burst of oxygen is needed and produced by the sea
urchin oocyte to activate fertilization and block polyspermy. Since then, scientific research has
taken strides to establish that Reactive Oxygen Species (ROS), besides being toxic effectors of
cellular damage and death, also act as molecular messengers in important developmental
signaling cascades, thereby modulating them. Whnt signaling pathway is one such developmental
pathway, which has significant effects on growth, proliferation, and differentiation of cells at the
earliest embryonic stages of an organism, apart from being significant role-players in the instances
of cellular transformation and cancer when this tightly-regulated system encounters aberrations.
In this review, we discuss more about the Wnt and ROS signaling pathways, how they function,
what roles they play overall in animals, and mostly about how these two major signaling systems
cross paths and interplay in mediating major cellular signals and executing the predestined
changes during the perinatal condition, in a systematic manner.
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INTRODUCTION

Evolution of living beings on earth has occurred over millions of years by achieving higher degrees of
complexities in their bodily structure and functions, and degrees of organization of cells and tissues,
to suit the changing environments and adapt to their niches (Darwin and Wallace 1858) (Aldhebiani
2018). When we look at the underlying systems owing to which the living organisms successfully
took over the earth and its resources, we find that there was a common basis to all of
them-communication-between cells and their immediate environment, be it biotic (cell to cell),
or abiotic (cells responding to abiotic factors) (Thannickal and Fanburg 2000). All kinds of physical,
chemical or biological stimuli evoke responses from the recipient cells via certain organic and
inorganic mediators, which communicate the signals received by the cells to other molecules, in
order to generate a response. In multicellular organisms, this mediating system or cell signaling
system as we know it, is much more elaborate and extensive as compared to the unicellular
organisms, as the multicellular organisms are themselves able to function efficiently as a whole,
owing to the intricate communication mediated by the innumerable molecules inter-playing and
reprising their roles to achieve even the most basic day to day functions like respiration, growth,
proliferation, differentiation, inflammation, wound healing, and death. For higher organisms with
organ system levels of organization, this signaling system branches and broadens into highly efficient
networks with positive and negative feedback loops, keeping themselves tightly regulated within a
species-specific framework (Marijuan et al., 2013) (Loh et al., 2016).
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TABLE 1 | Table of contents of review.

Section Name
number
1 Introduction
1.1 Generation and propagation of ROS in body
1.2 Other roles of ROS
1.3 Wnt signalling pathway
1.4 ROS-mediated signalling pathways
2 ROS-Wnt interplay in developmental signalling networks
2.1 General mechanistic aspects
2.2 Specific interactions and roles
2.2 Cell death and apoptosis
2.2 Embryological patterning
2.2.i Lung development, differentiation, and damage
22.iv Neural development and differentiation, senescence and neuronal
damage
2.2v HSC sustenance and differentiation
2.2V Vascular differentiation
2.2.vii Nephrological development
2.2.Viii Extraembryonic endoderm formation and differentiation
2.2.ix Cardiac differentiation and protection
2.2.X Fibrogenic differentiation: Osteogenesis, adipogenesis, and
chondrogenesis
2.2.xi Cellular senescence
External UV, Maternal
damaging nutrients,
pollutants, etc. hormones, other
\ factors like IgA,
. X / etc.
LS - 4
Growth fal ,‘//' OXPHOS
factors L, (endogenous)
X & ROS
Cytokines
Hormones A
Neurotransmitters )
FIGURE 1 | Schematic diagram of the various factors and signaling
involved in development of the embryo in utero.

Hence, every multicellular organism depends on highly
elaborate and complex signaling networks composed of
extracellular as well as intracellular signals to efficiently put
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together cell to cell communication in varying physiological
processes, beginning right from developmental organogenesis,
moving on to tissue homeostasis and maintenance of normalcy in
diverse physiological parameters, to healing wounds and
mounting repair and inflammatory responses to tissue injuries
(Thannickal and Fanburg 2000). In higher animals, when we look
at the cellular levels, the extracellular signals can generally be
classified into growth factors, hormones, cytokines, and
neurotransmitters, which evoke certain responses from the
recipient cells (Figure 1). They first bind to their specific
receptors on the cellular surface, and these ligand-receptor
interactions subsequently go on to generate varying
intracellular signals which may manifest as trimeric GTP-
binding regulatory proteins getting activated (G protein-
coupled receptors, GPCRs), intracellular ion concentrations
getting changed (ion channel-linked receptors), or receptor
kinases getting activated (enzyme-linked receptors, like
receptor tyrosine kinases, RTKs). Certain second messengers
(like cAMP, Ca’*, and phospholipid metabolites) and/or
cascades of protein phosphorylation then relay the
downstream signaling further. Finally, these intracellular
signaling pathways evoke the expected response by going on
to activate one or multiple transcription factors that would
regulate specific sets of genetic expression, which are essential
for an array of cellular functions (Bhalla 2004).

One of the basic regulatory signaling pathways that has
immense effects on an organism’s ontogeny, growth,
development, differentiation, and all the other processes
involved in fetal development, as well as adult cellular growth
and tissue homeostasis, is the Wnt signaling pathway (Logan and
Nusse 2004) (Gupta et al., 2016). Secreted glycoproteins by
nature, Wnts are some of the most essential molecules for the
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animal development process. Across the animal kingdom, these
proteins use various signaling pathways to play varied roles in
crucial developmental processes like pattern formation during
embryogenesis, to very specific and intricate processes like cell
proliferation and differentiation (Clevers 2006). In vertebrates,
they play very specific roles in cell fate determination, apoptosis,
proliferation, and self-renewal. Very naturally, for this reason,
they have been intensely researched for their roles, and found to
be a key role-player in cancer development (Polakis 2000) and
maintenance (Chatterjee and Sil 2019), osteoarthritis (Corr 2008)
and bone density regulation (Maeda et al., 2019), and even
neurodegenerative diseases (Libro et al., 2016), which all have
prolonged causation periods and definitely encompass
deregulated growth and apoptotic processes (Komiya and
Habas 2008).

With the advent of oxygen in earth’s atmosphere and the
subsequent evaluation of aerobic organisms, molecular oxygen
became essential for the basic survival of all those aerobic beings
(Hsia et al., 2013). Oxidative phosphorylation (OXPHOS)
process mediates the conversion of reducing equivalents from
FADH?2 and NADH of the electron transport chain occurring in
the mitochondria into the high-energy phosphate bond contained
in ATP, the energy currency of the aerobic cell. This OXPHOS
process generates many partially reduced, highly reactive O,
metabolites, including the superoxide anion and hydrogen
peroxide, and in some instances of already accumulating
oxidative stress, the hydrogen peroxide molecule is not fully
reduced by the endogenous catalases, and becomes reduced by
intracellular iron, donating an electron, in a Fenton-type reaction,
to form the even more highly-reactive hydroxyl radical (Thomas
et al., 2009). These highly reactive, partially reduced O,
metabolites are collectively termed as reactive oxygen species,
or ROS. For decades, ROS have been thought of only as toxic by-
products of aerobic metabolism, that potentially damage proteins,
lipids and DNA (Auten and Davis 2009). This traditional thought
was substantiated with the discoveries of natural antioxidant
enzymes produced inside the body, like catalase, superoxide
dismutase, and peroxidases, that protect the body from
damaging, and often lethal effects of very high levels of ROS
in the system, a condition termed as “oxidative stress”. Oxidative
stress thus occurs when the system of check and balance between
the production of ROS and the antioxidant enzyme activity
countered an imbalance, and the scale tipped towards the
production of copious amounts of ROS in the body (Sies
1997; Sinha et al., 2013). This has been shown to lead to a
number of deadly diseases and debilitating conditions (Auten
and Davis 2009) like cancer (Dayem et al., 2010; Kryston et al.,
2011; Gurer-Orhan et al., 2018), fibrosis (Zhao et al., 2008;
Gutiérrez-Tenorio et al., 2017; Jie et al., 2019; Tucker et al,,
2019), neurodegenerative diseases (Kim et al., 2015) and aging
(Bokov et al., 2004; Davalli et al., 2016; Peters et al., 2020).

1.1 Generation and Propagation of ROS in
the Body

ROS can be generated by a host of environmental pollutants and
generic sources which also include ultraviolet radiation of the
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Sun, and other ionizing pollutants like paraquat (or methyl
viologen), that go on to react, being highly reactive in nature,
to form ozone and other peroxides. They also react to and support
the formation of chemicals promoting formation of other hyper-
reactive oxidants like various nitroaromatics, quinones, and other
pollutants like bipyrimidiulium herbicides that are related to
paraquat. ROS also participate in chain reactions of chemical
formations that are again subsequently metabolized to radicals,
like the phenols, aminophenols, polyhalogenated alkanes or other
chemicals, that in their lifetime do release copper and iron, that
could support and promote the formation of hydroxyl radicals in
future. Rapid radiolysis of water molecules upon exposure to
ionizing radiation like X-rays or [1-rays, or even UV irradiation
of H,0, can also generate ROS. In addition to all of these, the
presence of any UV-radiation sensitizer can trigger the formation
of super-reactive chain reaction inducer and moderator, singlet
oxygen molecules. Non-DNA reactive carcinogens can also
generate ROS in cells by metabolism, by either activating
endogenous ROS sources, or by metabolizing to primary
radical intermediates. Chemicals that induce and prolong
oxidative stress in cells are varied-different classes of
chlorinated compounds, metal ions, phorbol esters and other
peroxisome-proliferating compounds, including barbiturates.
The classic antitumor drugs cisplatin and Adriamycin have
been shown to produce ROS at excessive levels intracellularly,
resulting in DNA damage and cell death. Some classes of
antibiotics rely on a similar mechanism for their bactericidal
activity, which incorporate Fenton-type reactions for their
bactericidal activity (Krumova and Cosa, 2016).

In living organisms, cytosolic enzymes that contribute to the
generation and propagation of ROS, including the seven isoforms
of the ever-expanding family of NADPH oxidases (NOxs), the
ETC transmembrane super-oxide generating system, contribute
to the generation of ROS. The cytosolic portions of these enzymes
transfer an electron from the NADPHs to an FAD co-factor, the
electron is thereby passed-on to the haem group, subsequently
being added to molecular oxygen, generating superoxide anion
O, . Mitochondrial sources add on important sources of ROS as
additives. Antioxidant enzyme systems work in the body at all
times, each and every second in the body, to avoid the generation
of oxidative stress, which happens when the delicate balance of
pro-oxidant and anti-oxidant system in the body is affected, by
exogenous or endogenous means (Ziech et al.,, 2010).

Incomplete reduction of oxygen in the electron transport
chain produce ROS, ie., Reactive oxygen species (ROS), the
category of highly active radicals including hydrogen peroxide
(H,0,), the hydroxyl radical (OH), the superoxide anion (O,"),
and peroxynitrites (ONOO™), which are all are chemically active,
in many cases exogenous, prooxidant molecules that are
generated by various physical and chemical redox processes.
ROS are involved in a variety of physiological and pathological
processes in the cell by generating various methods of cellular
survival and glycolysis (e.g., anaerobic glycolysis). It has been
established that cancer cells continue to thrive under some levels
of oxidative stress, and compared with non-cancerous tissues,
ROS levels are elevated in breast, colon, pancreatic, prostate, and
other cancers (Pavlides et al., 2009). In addition, oxidative DNA
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damage by ROS contributes to carcinogenesis by causing
mutations in the genetic material. ROS in addition, can cause
single-strand breaks and genetic instability, and this is due to
oxidation of purines and pyrimidines and generation of alkali-
labile sites. Oxidative damage that commonly leads to mutations
is associated with modification of Guanine-Cytosine (G-C) base
pairs, and these mutations are primarily due to base pair
substitution and sometimes, also due to (albeit, less frequent)
deletions and insertions (Lin et al., 2018).

1.2 Other Roles of ROS

But then more and more evidence on other fronts started
accumulating in favor of these very same ROS acting as
important mediators in the cell signaling networks and
regulation of physiological homeostasis (Thannickal and
Fanburg 2000). There has been increasing research in this
regard since the discovery of OxyR proteins functioning as
transcriptional regulators for H,O, inducible genes in E. Coli,
and since then, the role of ROS as important cell signaling
messengers have been documented in plant cells where H,0,
is generated to effect localized cell death in response to pathogenic
attack, which limits the pathogenic spread in the plant body. ROS
has also been found to effect systemic responses in inducing
defense genes that regulate plant immunity. All the phagocytic
cells contain plasma membrane oxidases that generate O,>
(peroxide ion), and act in host defense mechanisms by
producing copious amounts of ROS. Fertilization event in sea
urchins also triggers extracellular H,O, production that catalyzes
extracellular protein cross-linking to form a protective
fertilization envelope around the oocyte (Shapiro 1991; Wong
et al,, 2004). All these evidences indicated that just like nitric
oxides, ROS might have dual effects as regulators and cytotoxic
agents, depending upon their source and concentration (Finkel
2011).

In this extensive review, taking cues from the documented
effects of Wnts in animal development and growth, as well as the
role of ROS as important mediators of cellular signaling even in
oocytes, we would primarily focus on how the developmental
Wnhnt signaling might be affected by ROS and vice-versa, during
the perinatal period (Table 1). Tight regulation of extracellular
and intracellular signals and molecular homeostasis during the
perinatal period is especially essential for the foetus to grow into
healthy individuals and in a wider sense, the sustenance of
species, and any minor dysregulation might lead to lethality,
and debilitating developmental defects (Gilbert 2000). Therefore,
for better monitoring of fetal and neonatal health, and to further
elucidate the varied roles of ROS other than mere toxic by-
products, we choose the major developmental pathway Wnt, to
be shed light upon. This review thus covers the specifics and
nuances of Wnt signaling, modes of mediation and effects of ROS
in the process, and also brushes across the effects that might be
observed if this highly regulated system gets broken.

1.3 Wnt Signaling Pathway

The Wnt signaling pathway is an evolutionarily conserved
cellular communication pathway that determines cell polarity
and fate, embryo patterning, as well as self-renewal, that is, origin
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and maintenance of stem cells. Two other major signaling
cascades work in tandem with Wnt during embryological
development, them being Notch and Hedgehog, which are also
functional in stem cell growth and maintenance. Originally, the
Wnt protein was discovered in Drosophila as the product of
wingless gene (orthologous form), and then, research found the
Wnt family of genes to be highly conserved in the animal
kingdom, starting from nematodes to mammals (Funato et al.,
2006). Being one among the key gene families which determine
patterning during embryonic development, in vertebrates alone,
the Wnt genes are known to consist of 19 distinct members, and
all of them encode proteins that take one of the three known
routes for signaling-the canonical Wnt pathway involving B-
catenin (Wnt/B-catenin), or the noncanonical planar cell polarity
(PCP) pathway involving cJun N-terminal Kinase (also called
Wnt/JNK-PCP pathway), or the other noncanonical Wnt
pathway involving Ca®* (Wnt/Ca®* pathway) (Angers and
Moon 2009; van Amerongen and Nusse 2009).

The Wnt glycoprotein homologues are secreted out of the cells
via Wntless, a specialized transmembrane protein, and act as
ligands for Frizzled (Fz), a G-protein coupled 7-pass
transmembrane receptor. All of them bind to a cysteine-rich
conserved region of Fz thus activating it, and in the canonical
mode, evoke a cellular response by inhibiting the [-catenin
degradation complex, that is composed of four proteins—Axin,
Adenomatous Polyposis Coli (APC), GSK3, and casein kinase 1
(CK1), thereby stabilizing P-catenin in the cytosol. The
accumulated (-catenin then migrates to the nucleus to interact
with T-cell factor/Lymphocyte enhancer factor (TCF/LEF) family
of transcription factors, thereby activating the transcription of
target genes (Figure 2). A major component of this degradation
complex inhibition, once the Wnt ligand has bound to Fz, is
Dishevelled (Dvl)—a protein that we would come across many
times in this literature, that has been found to be one of the key role
players of ROS-mediated Wnt activity (van Amerongen and Nusse
2009). Before secretion from the cell, the Wnts undergo additional
biochemical modification so that the LRP (Lipoprotein-receptor
related protein) 5/6 receptors, which are the co-receptors
mediating canonical Wnt signaling, get properly internalized
(Takada et al, 2006; Komekado et al, 2007). The specific
cellular responses that are elicited by the binding of different
Wnt homologues are attributed to the differential binding
propensity of the Wnt ligands to the highly conserved cysteine-
rich region of the Fz receptor (Schulte and Bryja 2007). The Ca**
responsive non-canonical pathways are independent of p-catenin,
and besides the usual transcription activation responses, they also
evoke cytoskeletal responses mediated by JNK and Rho-associated
protein kinase (ROCK) (Polakis 2000). During embryogenesis of
higher animals, the Wnt pathway directs the development of nearly
all the major organs and organ systems (Eberhart and Argani
2001), including cardiovascular system, the central nervous system,
respiratory as well as the excretory (renal) system (Grigoryan et al,,
2008; Taciak et al., 2018).

1.4 ROS -Mediated Signaling Pathways
It is a well-established fact now that oxidative stress targets
receptor kinases and phosphatases and deregulates their
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FIGURE 2 | Schematic diagram of the ROS signalling cascade in operation via different modes and pathways.

Wht ligands present

Trancriptional activation of B-catenin
' specific genes

functioning and the signaling pathways mediated by them (Wu
2004; Matés et al., 2008; Gaki and Papavassiliou 2014). Even
though historically, these ROS have been purely viewed as
harmful and toxic, leading to cellular damage, ample evidence
now exists to ascertain the fact that they also function as essential
physiological modulators and regulators of multiple intracellular
signaling pathways (Griendling et al., 2000; Fialkow et al., 2007;
Schonenberger and Kovacs 2015; Sies and Jones 2020). These
ROS-specific effects mainly occur via covalent modification of
redox-sensitive target proteins, at some of their specific cysteine
residues. Enzymatic activities of these proteins can be reversibly
modified by the oxidation of these reactive and very specific
cysteine residues. Multiple emerging evidence now suggests that
ROS might regulate an array of physiological parameters ranging
from growth factor stimulation responses to inflammatory
response generation, and very obviously, deregulations in these
ROS signaling pathways may contribute to a multitude of human
diseases (Finkel 2011).

It appears that ROS affects and regulates quite a large array of
signaling pathways, and this interaction might occur at various
points starting from the cell-surface receptors till the nucleus
(Figure 3). Growth factor receptors that commonly get activated
upon ligand interaction might also get clustered and activated in
the absence of ligands, sometimes under the effect of ultraviolet
light, by the mediation of ROS. For example, EGF, PDGF-a, as
well as PDGF-b get phosphorylated and activated by the presence

of exogenous H,0, in millimolar concentrations (Wang et al.,
2004; Eisel et al., 2013; Truong and Carroll 2013; Sies and Jones
2020); apart from that, H,O, induces PLD activation in
fibroblasts and endothelial cells (Natarajan et al, 1996; Ito
et al, 1997; Parinandi et al,, 1999). Immediately formed ROS
is the key role player in the lysophatidic acid induced activation of
EGF receptors (Moolenaar et al., 2004; Hopkins et al., 2016).
Knebel et al. suggested that the mechanism behind these
observations might be the inhibition of RTK
dephosphorylation, which might be mediated by ROS
following the inactivation of protein tyrosine phoshatases that
are membrane-bound (Knebel et al., 1996; Meves et al., 2001;
Ostman  and ~ Béhmer 2001). This phosphorylation-
dephosphorylation balance gets hampered even in case of NOS
as well as ROS mediated PDGF receptor activation in absence of
the PDGF ligand. A separate study indicated that PLA2 might
also be a target of ROS, as PLA2 mediated EGF signaling is
sensitive to antioxidants (Rhee 1999).

The answer to whether or not the endogenous ROS that
generate in response to growth-factor stimuli, might cause
such receptor activation, needs more research work. In the
same way, whether ROS during the pathophysiological state of
oxidative stress is capable of activating receptors directly, or if
there exist specific cytokines or growth factors that are targeted
and their signaling further mediated by ROS, are also matters of
further research. Phospholipid metabolites are of high
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importance as targets for redox signaling, and Takekoshi et al.
diligently showed that when DAG was oxidized, it activated PKCs
more effectively than its non-oxidized counterparts (Takekoshi
et al.,, 2003).

Even the non-RTKs like Src and JAKs might be regulated by
mainly exogenous ROS (Thannickal and Fanburg 2000; Bode
et al, 2012). However, endogenous ROS might mediate the
activation of JAK-STAT pathway when it is induced by PDGF
(Simon et al., 1998; Simon et al., 2002).

Molecules like hydrogen peroxide (H,O,), and other ROS as
well as nitrogen oxides (Nox) might induce p21Ras via the JAKs
and Src kinases with the involvement of phosphatidylinositol 3'-
kinase (Poli et al., 2004; Heneberg and Draber 2005; Monteiro
et al., 2008). Intracellular Ca®" concentration changes induced
signaling cascades in muscle cells has also been found to be
ROS-mediated. ROS might induce the release of Ca®* into the
sarcoplasm (Favero et al., 1995; Okabe et al., 2000; Hamilton
et al., 2018). Even if these are all seemingly oxidative stress
responses, nonetheless, the important role played by the ROS in
induction of, and regulation of these stress-pathways cannot be
disregarded, as they act as stimuli for the cascades to begin with.
For the same reason, ROS affects MAPK pathways activation
and cascade sustenance, as they are primarily stress-activated
protein kinases (Zhang et al., 2003; Diebold and Chandel 2016).
The redox regulation of these pathways, that include JNKs,
ERK1/ERK2, as well as p38 MAPKs, both by exogenous as well
as endogenous ROS, has been under intense research. It has also
been found that redox-regulated mitogenic signaling may target,

independent of the ERK/MAPK pathway, the expression of
cyclin D1 (Menon 2006). Stress apoptotic responses are also
found to be directly and indirectly affected by ROS (Jiang et al.,
2011).

Not surprisingly, signaling cascades set off by binding of
inflammatory cytokines are ROS-responsive, and this has been
documented in cases of ischemia-reperfusion (Cadenas 2018) and
hypoxia-reoxygenation (Adler et al., 1999; Jin and Flavell 2010;
Sverrisson et al., 2015; Lu et al., 2018). The transcription factor
NF-«B that regulates an array of immune and inflammatory gene
responses has been considered as heavily responsive to oxidants
for a long time, and as such, remarkable progress has also been
made to elucidate the mechanisms by which NF-kB might get
activated (Ali and Sultana 2012; Huang et al., 2016). However, as
compared to the long-standing traditional viewpoint that
oxidative stress is the customary mediator of varied NF-kB
activators, recent updated studies have concluded that the
redox-dependent activation of NF-kB is specific to the
stimulus that is received, and the cell that receives the
stimulus (de Bittencourt Pasquali et al., 2013). Other than
that, the transcriptional complex Activator protein-1 or AP-1
has been also shown to be redox-regulated, where; both ligand-
induced ROS as well as exogenous oxidants (and also some
antioxidants) have been implicated in the activation of AP-1.
Like AP-1, binding of other transcription factors to DNA being
regulated by redox mechanisms include p53, c-Myb, Sp-1 and
egr-1 (Meyer et al., 1994; Schulze-Osthoff et al., 1995; Shatrov
et al., 1997).
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Given the plethora of instances where ROS has been found to
activate even the most basic pathways like growth-factor and
cytokine signaling, as well as cell-death, mitosis, growth and
stress-response mechanisms, it is implicit to check on the point as
in how ROS might affect developmental signaling, especially
where Wnt proteins are active.

2 ROS-WNT INTERPLAY IN
DEVELOPMENTAL SIGNALING
NETWORKS

2.1 General Mechanistic Aspects

From the above information, it can be deciphered that the
acceptance of ROS as signaling molecules and second
messengers, which communicates messages from the
extracellular milieu and generates some specific response in
the cell, is concrete. Through redox modifications at mainly
cysteine residues in proteins (kinases, phosphatases and
transcription factors), and some other amino acids like
histidine, tyrosine, and tryptophan, ROS play the role of a
significant family with varied molecular diversity, that
participates in almost every signaling pathway known to
scientists (Barford 2004). What is important to note here is
that, the redox regulation of these pathways is not entirely just
ROS-mediated. Sometimes, this regulation is achieved indirectly,
by interacting with antioxidants like thioredoxins (Trx) and
peroxiredoxins (Prx) (Bindoli et al., 2008; Winterbourn and
Hampton 2008; Hanschmann et al., 2013; Netto and Antunes
2016).

Now, it is also known that Wnt ligand binding to the Fz
receptors stabilizes and accumulates -catenin in the cytosol. This
is achieved by the destruction of the P-catenin degradation
complex, mediated by a protein named Dishevelled (Dvl). The
breakthrough came when Funato et al., in 2006 discovered that
ROS might be involved in the Wnt signaling mediation, and that
too, via this protein Dvl. Nucleoredoxin (NRX), an ubiquitously
expressed protein of the Trx antioxidant family, was found to
directly control Dvl activity in its reduced form, by forming a
complex with Dvl, thereby, keeping it inactive in the cytoplasm
(Funato et al., 2006; Funato and Miki 2010). This inactive Dvl
suppresses the Wnt signaling pathway; only when Dvl
translocates to the plasma membrane from cytoplasm, can the
Wnt signaling pathway get activated. Funato et al. showed that
Dvl was freed from its inhibition complex upon treatment of
culture cells with exogenous compound that is pro-oxidant in
nature, and this event crucially led to the Wnt/B-catenin
canonical pathway stimulation-that is the basis of an array of
growth factor signaling, essential for embronic pattern formation
and perinatal development of animals. They thus showed that
intracellular ROS levels do positively regulate the Wnt/B-catenin
pathway, by making Dvl available for transduction of the Wnt
signal. This groundbreaking finding was corroborated by
multiple experiments in other cells, including Xenopus
embryos (Funato et al, 2008; Love et al, 2013). In these
amphibian embryo models, it was found that depleting or
enhancing the levels of Nrx, produced certain abnormalities in
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the embryo, that are specific to deregulated Wnt signaling
(activation and inhibition of the pathway, respectively). It was
further found that the moderately potent and generally highly
scavenged ROS H,0, oxidises Nrx, and this event releases Dvl
from its inhibition, promoting the activation of the Wnt/B-
catenin pathway, in the absence of Wnt ligands (Figure 4).

It was also shown by Kajla et al. that, when mouse intestinal
cells were treated with Wat, it induced the production of ROS,
mediated by Nox1, via the activation of Vav-2, the Racl guanine
nucleotide exchange factor (Kajla et al., 2012). Then these Nox1-
generated ROS go on to oxidize and inactivate NRX, thus
rescuing the cells from NRX-dependent suppression of Wnt/f-
catenin signaling, by the dissociation of Dvl from NRX.

In the non-canonical pathway, Dsh (non-mammalian form of
Dvl) mediates the binding of profilin to actin, by forming a
complex with racl. This binding event of profilin to actin leads to
cytoskeletal restructuring, and gastrulation. Thus, indirectly, ROS
mediates gastrulation via the non-canonical Wnt pathway (Habas
et al.,, 2001; Andrea 2018).

Apart from the Trx family proteins, another family of
peroxidase antioxidants, peroxiredoxins (Prdx) have been
identified in mammals having six isoforms (known as of now),
that are directly involved in H,O, elimination, and neutralization
of other pro-oxidants and ROS (Rhee and Woo 2011). Prx
proteins need Trx proteins as reducing partners to function
efficiently. It has been found that the Wnt/p-catenin pathway
works in effecting decreased proliferation and enhanced
apoptosis of colorectal cancer cells in Prdx2 knock-down
models (Kim et al.,, 2017; Nicolussi et al, 2017; Hong et al,
2018; Chen et al., 2020).

Thus, it can be firmly suggested that ROS levels are important
determinants for the functioning of Wnt pathway, and hence,
must be tightly regulated to effect development correctly (Han
2015).

2.2 Specific Interactions and Roles

ROS has been shown to mediate cellular responses towards intra-
as well as extracellular conditions, such as presence or absence of
cytokines and growth factors, state of nutrient deprivation, as well
as hypo- and hyperoxia, all of which in turn, regulate cell
proliferation, growth, differentiation, and apoptosis (Davalli
et al,, 2016). The following sub-sections outline the cross-talks
occurring between Wnt and ROS signaling pathways and
molecules, in various aspects of embryonic developmental
processes.

2.2.1 Cell Death and Apoptosis

As concluded from the above information, varying
concentrations of ROS elicit varying cellular effects, such as,
intracellular ROS sourced from NADPH oxidase (occurring at
low levels) have pro-survival effects, whereas ROS derived from
mitochondria (occurring at high levels) have anti-survival effects
and promote apoptosis (Angkeow et al., 2002; Deshpande and
Kehrer 2006). Early embryogenic processes in mammals,
especially  preimplantation and early postimplantation
processes have been documented to occur in highly hypoxic
conditions, in an almost anaerobic environment, at only about
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3-5% O, conditions. Hence, it is implicated that the early embryo
must be very sensitive to ROS or ROS-like exogenous factors,
which might cause fatally culminating oxidative stress. High O,
concentrations in vitro embryo culture conditions is heavily
detrimental to the embryological growth, and this
deterioration can be reversed by treatment with free radical
scavengers (Gardiner and Reed 1994). The loss of Trx gene
(mediators of ROS with Wnt signaling) has been shown to
affect oogenesis as well as early development of Drosophila
embryos (Missirlis et al., 2003). The event of mouse blastocyst
hatching from zona pellucida essentially requires a superoxide
burst. The essential role of ROS in mediating this process is
supported by the observation that various superoxide scavengers
actively prevent the hatching of the blastocyst (Dumollard et al.,
2006).

2.2.2 Embryological Patterning

Unfit cells require to be eliminated for precise patterning of the
embryo during early development. A major way to get rid of these
unfit cells is by the induction of ROS and further ROS-mediated
apoptosis. Akieda et al, in 2019 reported that, when Wnt/p-
catenin is abnormally activated or inhibited in a mosaic manner
in normal embryos, it led to activation of ROS production and
further oxidation of DNA (Akieda et al., 2019). Their studies
further suggest that these cells displaying unfit Wnt/B-catenin
activity mediate the activation of ROS production through Smad
and cadherin signaling. This was crosschecked by the finding that
overexpression of antioxidants like Sephsl or SOD1 blocked the

activation of pro-apoptotic caspase-3 in artificially introduced
cells where the Wnt/p-catenin pathways acts in abnormally high
or low manners (unfit cells), giving concrete evidence that
apoptosis of unfit cells is mediated by ROS.

The study demonstrated an interesting ‘noise-cancelling
system’ model for signaling gradients that is mediated by cell-
competition. During AP patterning in zebrafish embryos, extent
of Wnt/pB-catenin activity influences cadherin and membrane -
catenin protein level gradient formation along the AP axis. Now,
when cells displaying unfit Wnt/B-catenin activity appear
spontaneously in the developing embryo, it produces ample
noise in the gradient of Wnt/p-catenin as well as alterations in
cadherin and membrane B-catenin protein levels; this leads to a
significant imbalance between the unfit and neighbouring cells
based on cadherin levels. Unfit cells then activate the TGF-f-
Smad signaling pathway that produces ROS, and subsequently
undergo a ROS-mediated apoptosis. In this very specific ‘identify,
pick and eliminate’ process, the embryonic tissues successfully
eliminate noise generated in the Wnt/p-catenin gradient in order
to its effect proper formation, besides a robust patterning of the
embryo. This morphogen noise-cancelling system mediated by
apoptosis is thought to be evolutionarily conserved, as it has been
found that Wnt/B-catenin as well as other basic morphogen
signaling pathways utilize similar systems. The inhibition of
ROS  signaling actually reduces the magnitude of
physiologically appearing apoptotic cells, albeit partially, which
corroborate the view that these apoptotic cell populations
comprise ROS activated cells that are Wnt/B-catenin defective,
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besides other cells that may be potentially defective in some other
morphogen-signaling systems (Akieda et al., 2019).

2.2.3 Lung Development, Differentiation and Damage
As is the case with other body cells, lung cells are also lethally
affected by excessive ROS accumulation within them, leading to
cellular stress, damage and death. But previous studies have
shown that this oxidative damage is concentration dependent.
And so is the case with the expression effects of Wnt5a gene. The
studies pertaining to effects of ROS during embryonic
development were mainly conducted in alveolar epithelial cells
(AEC IIs), as they provide the best possible environments for
cellular culture and experimentation for the relevant studies. But
clinical studies were also conducted to observe the effects of ROS
in adult patients, for preliminary acquisition of information.
Patients with acute oxygen deficiency have to undergo oxygen
therapy, usually at a stable O, concentration of 40%, until the gas
balance is normalized in the blood. Li et al.,, in 2013 tried to
understand the extent and manner in which ROS can cause
oxygen toxicity to the lungs, and so they treated cells with O, at
varying concentrations at room temperature. They found that the
lower O, fraction (40%) had fared better in terms of survival rates
and apoptosis than their higher O, fraction (95%) counterparts.
These good survival rates in the lower O, fraction subsequently
decreased with the increase in their O, treatment dosage, or with
increased duration of low O, that they received. They went
further to examine the relationship between Wnt signaling
pathway and ROS in lung cells as it is known that the Wnt/B-
catenin pathway plays critical roles in lung development in its
early stages. Numerous factors in the pathway have been found to
participate and play specific roles in the control and regulation of
lung development, such as proliferation and differentiation of
lung cells, formation of steric configuration of the lung, as well as
specific development of the lung’s distal end. For example, Wnt5a
gene is implicated to play a role in the development of lung vessels
as well as the embryonic pulmonary parenchyma (Li et al., 2013).
While studying the concentration and time dependent effects of
ROS on lung cells, Li and his co-workers also found that after a
smaller time interval, Wnt5a as well as nuclear B-catenin levels
were elevated with the concurrent elevation of ROS levels in the
95% O, treated group. But after a 24h’ time interval, their
expression fell to a steep low, even lower than room air
treated lung cell groups.

Thus the study suggested that in alveolar epithelial cells (AEC
IIs) a higher O, concentration might stimulate the Wnt pathway
in their early stages, thus causing premature expression of Wnt5a
as well as B-catenin, both of whose levels subsided with prolonged
exposure to very high concentrations of O,. Therefore, it was seen
that Wnt pathway might function early in the development of
hyperoxia-induced lung injury, which is contrary to the general
understanding that Wnts help in cell growth and proliferation,
and are activated under lower concentrations of oxidants like
H,0, and inactivated at higher concentrations, as has been seen
in the previous sections. The authors attributed the low survival
of high O, fraction to oxidative damage and lung cell death.
Hence, the effects of ROS mediated Wnt signaling may be
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diversified according to sources and cellular types, as well as
the magnitude of oxidative stimulation.

2.2.4 Neural Development and Differentiation,
Senescence and Neuronal Damage

Rharass et al., in 2014, conducted experiments on hNPCs (human
Neural Progenitor Cells) which provided concrete evidence for an
endogenous ROS-mediated activation of Wnt pathway, and while
it was known that changes in Ca®" ion concentration are
downstream effects of non-canonical Wnt signaling pathway,
their study showed that the same Ca®* concentration gradient
acts upstream of the ROS-mediated canonical Wnt/p-catenin
pathway during neuronal differentiation (Rharass et al., 2014). In
hNPCs, depletion of growth factors such as EGF andbFGF acts as
a molecular switch for neural differentiation, as it sets off a
cascading reaction within the cell, mediated by ionic species
such as Ca’" and ROS. Ca** is released from the ER stores
into the cytoplasm through inositol 1,4,5- triphosphate receptors,
type 1 (ITPR1), once the GFs are removed, cytoplasmic Ca**
enters mitochondria via mitochondrial calcium uniporters
(MCU), thereby increasing ROS as by-products of altered ETC
activity in the mitochondria. This elevated ROS then interacts
with Nrx, thus, releasing the Nrx-bound Dvl, so as to stabilise p-
catenin in the cytoplasm, thereby kicking off the Wnt pathway-
mediated transcription of regulatory genes for growth and
differentiation. This observation was cross-checked by
inhibition of ITPR1 mediated Ca®" efflux as well as MCU
mediated Ca®* influx. Besides, the experiment was repeated
with the additional treatment of NAC, a highly potent ROS-
quencher. In all of the above three cases, the results were
consistent. It was seen that Dvl2 was no longer robustly
activated, expressed by the lower levels of nuclear P-catenin
accumulation, which attenuated the expression of Wnt target
genes, consequently leading to an impeded differentiation of the
neuronal system. It was also seen that physiological changes in
ROS metabolism altered the response magnitudes of the Wnt/p-
catenin signaling pathway effectors. Thus it was concluded that
ROS is involved in spatio-temporally altering cellular decisions of
the neuronal progenitor cells, and effected their commitment and
differentiation into neurons. In embryonic development, it was
an important benchmark to be known while documenting the
effects of ROS and Wnt.

He et al, in 2017 discovered that mothers fed with high
sucrose diet prenatally, gave birth to offsprings that had higher
levels of oxidative damage in the brain, in addition to higher
expression of oxidative enzymes like Nox2, and lesser expression
of brain-derived neurotrophic factor (BDNF) as well as genes
involved in maintenance of synaptic plasticity and dendritic
arbors, like Wnt2 and Wnt3a, and NR2B (a subunit of cation-
passing channels, NMDARSs, in the neurons) in the hippocampus.
Whnt signaling pathway down-regulation or disruption in the
hippocampal region has been reported to cause cognitive decline
along with neuronal loss, effects which are similar to oxidative
stress induced neuronal aging and death. Thus, it can be
suggested that there must be some link between the two
signaling pathways in neuronal aging, about which, no
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concrete evidence has been found until date, and continues to
remain an intense area of research (He et al.,, 2017).

In 2019, Diana De Luc and her co-workers found an important
breakthrough in exome and genome sequencing experiments
with array analysis, in a significant number of human
individuals—in humans, the loss of function mutations of
WDFY3 gene, lead to macrocephaly, via a significant role play
and downregulation of the Wnt pathway, indicating the
importance of the pathway in neurological and overall brain
development during the embryonic stage (Le Duc et al., 2019). In
the humans, the overlapping symptoms and parameters were
intellectual disability, neurodevelopmental delay, macrocephaly,
and related psychiatric disorders (like autism spectrum disorders/
ADHD or attention deficit hyperactivity disorder). That is, this
study proposed the WDFY3 as a novel gene which is linked to
mild to moderate neurodevelopmental delay in humans (initially
corroborated in laboratory mice) and intellectual disability, and
concluded that the mutational variants putatively causing
haploinsufficiency lead to macrocephaly. The authors also
proposed an opposing pathomechanism due to variants in the
PH-domain of the same WDEFY3, that led to microcephaly.
Hence, this experiment came in as a breakthrough of how
studying next-generation sequencing can actually facilitate the
discovery of monogenic causes for mild to moderate
neurodevelopmental delay in humans and end a long-term
diagnostic blank space dilemma.

All of the above studies tried documenting the crosstalks of
ROS with Wnt during neuronal development of the embryo, and
as experiments, walked off with important results that worked as
shoulders for future researchers to stand on.

2.2.5 HSC Sustenance and Differentiation

Like in most cells, enhanced ROS has been observed to have a
toxic/inhibitory effect on hematopoietic stem cells (HSCs) by
impairing their functioning. f-catenin comes into the rescue and
provides protection to the cells after irradiation-induced
oxidative stress (Lento et al., 2014). Absence of B-catenin can
result in transplantation-induced stress and ROS accumulation,
and subsequently, the absolute loss of quiescent hematopoietic
stem and progenitor cells (HSPCs). This transplantation-induced
stress is very much suggested to be endogenous in nature
(metabolic by-products of HSPCs).

For the first functional HSCs to emerge, -catenin/canonical
Wnt signaling has been implicated to be an essential event.
Studies conducted by Kwarteng in 2018 indicated that mostly
the canonical Wnt pathway remains active in the fetal HSPCs, but
both the fetal as well as adult HSPCs are potentially able to
activate the non-canonical Wnt pathways. Post-transplant, (-
catenin was suggested by them to metabolically regulate and
maintain short-term transplantation competitiveness of the fetal
HSPCs, but the switch from fetal to the adult HSCs corresponded
to a downregulation of the canonical Wnt/B-catenin pathway
(Kwarteng et al., 2018). This supported the idea that, for specific
HSC functioning at each developmental stage, some specific -
catenin gradient was required, and that the cells showing very
high proliferation, like the leukemic cells were more B-catenin
dependent than the quiescent cells. It was also suggested that -
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catenin however, was not responsible for the promotion of
proliferation, rather, it appeared to have a protective effect in
the early stages of an emerging oxidative stress condition.

In a separate study, Boopathy et al. found that following an
event of myocardial infarction, Wnt11 genes that are involved in
expression of cardiogenic genes, and Notch 1, were upregulated.
This further resulted in the elevation of H,O, levels (Boopathy
et al., 2014). These results mirrored those that were obtained by
other researchers, that Wntl1 genetic expression increased in
Endothelial stem cells along with mouse bone-marrow
mononuclear cells, following an event of cardiomyogenic
differentiation of them induced by oxidative stress injury
(Caliceti et al., 2014).

2.2.6 Vascular Differentiation

The canonical Wnt signaling pathway has been found to play an
essential role in maintenance of vasculature as well as its
development. Wnt2-deficient experimental mice displayed
multiple vascular aberrations, including defects in the placental
vasculature (Wang et al., 2007). Also, mice in which the Fz5 (Wnt
receptor) gene was knocked-out, showed serious defects in
angiogenesis of the yolk sac, and died in utero (Goodwin
2004). Vascular endothelial cells showing defects in the p-
catenin gene were found to show significant abnormal vascular
patterning in addition to increased fragility of the vasculature
(Valerius 2012; Fritz et al., 2014).

Dishevelled (Dvl), besides being an integral adaptor protein
for stabilizing cytoplasmic B-catenin and efficient transduction of
the Wnt signal, is also a Notch signaling inhibitor. Therefore, Dvl
plays a key role in making decisions pertaining to cellular fate,
especially in cases where Wnt and Notch have antagonistic effects
(Wharton 2003; VanHook 2012).

During angiogenesis, the expression of an array of Wnt ligands
is upregulated by a profribrotic and proosteogenic transcription
factor named Msx2, and this protein has been also found to
enhance canonical Wnt signaling in aorta (Shao et al., 2007).
TNFa has been found to induce these Msx2-Wnt signaling
pathways in arterial myofibroblast, acting via the TNFRI
receptor (tumor necrosis factor receptor 1) (Lai et al, 2012).
Studies of gene expression conducted in vitro as well as in vivo,
concluded that inhibition of ROS derived from Nox/
mitochondrial activities, reduced the induction of Msx2 by
TNFa. Concurrently, the levels of Wnt7b as well as p-catenin
were also found to be diminished, which led to the establishment
of the idea that in myofibroblasts, ROS metabolism contributes to
the induction of TNFa-Msx2-Wnt signaling cascade, via TNFR1
(Cheng et al., 2013).

From various studies, it has been found that ROS-modulated
signaling of Wnt and Notch regulates the development of
vasculature in a variety of aspects, ranging from stem cell
differentiation to vascular cell migration, like VEGF signaling,
angiogenesis, and recruitment of cardiac as well as endothelial
progenitor cells (Marinou et al., 2012) (Caliceti et al., 2014).

2.2.7 Nephrological Development
It has been documented by multiple studies on Xenopus laevis
embryos that Wnt signaling pathways including both canonical
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as well as non-canonical, are indispensable regulators of
pronephos development (Pulkkinen et al., 2008). The Wnt/p-
catenin canonical pathway directs the majority of kidney
development, and inhibitions or aberrations in this cascade
might lead to significant alterations and abnormalities in
pronephric tubules, glomus, and duct, in addition to overall
reduction in the expression of pronesphros-specific markers
(Halt and Vainio 2014). The p-catenin independent non-
canonical cascade is especially involved in the formation of
proximal tubules during the process of pronephrogenesis
(Iglesias et al., 2007).

Just as is the case with other types of body cells, uncontrolled
elevation in ROS levels leads to cellular damage. When ROS is
allowed to increase unhindered during the embryonic period,
massive ciliary defects are observed, leading to severe
malformations of the pronephros, whereas, in the entire
perinatal period following kidney development, as well as in
adult stage too, elevated ROS is associated with severe kidney
damage (Benzing et al., 2007). In both the fetal as well as adult
cases, Prdx1 overexpression is able to significantly inhibit the
effects resulting from increased ROS, thereby suggesting that
Prdx1 regulates ROS production, and has a protective role for the
tissues, saving them from the induction and effects of oxidative
damage (Agborbesong et al., 2022).

Chae et al., in 2017 studied how these two seemingly opposite
effects are modulated by the two pathways by experimenting on
MDCK cells, given the established fact that healthy and normal
primary cilia are required for both the canonical and non-
canonical Wnt pathways to be mediated effectively (Chae
et al., 2017). They found that Prdxl was the key savior here,
which mediates the genesis and development of normal cilia, by
inhibiting ROS production, and thereby allowing Wnt signals to
be transduced unhinhered, leading to complete and robust
development of the pronephros. It was cross-checked by
inhibiting Prdx1 in these cells led to significant lowering in
the number of cells that had primary cilia, thus suggesting
that Prdxl was absolutely essential for primary cilia
development and regulates their formation. In addition to
that, they also showed in Xenopus laevis embryo cells treated
with H,O, that, ROS overproduction led to an inhibition in the
formation of proximal tubules. But Prdxl overexpression was
able to rescue and abate this abnormal phenotype. Thus it was
concluded that Prdx1 regulated the Wnt-mediated pronephros
development, by keeping ROS levels in check.

In case of embryonic kidney cells of humans, nuclear B-catenin
amount, and subsequently, TCF/LEF-dependent transcription of
the Wnt-targeted genes are decreased by H,O, treatment.
Interestingly, ~ DvI2 overexpression  mitigated  the
downregulation of B-catenin induced by H,O, treatment, and
hence, it was suggested that H,O, negatively modulated the Wnt
signaling pathway in humans, by downregulating [-catenin
(Chae et al., 2017).

2.2.8 Extraembryonic Endoderm Formation and
Differentiation

One of the very first cellular fate determining decisions taken in
the developing embryo is, differentiation of the primitive
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endoderm from the cells belonging to the inner cell mass.
Hwang et al,, in 2011, treated F9 teratocarcinoma cells (mouse
embryonic carcinoma) with retinoic acid (RA), which was known
to initiate differentiation of the extraembryonic endoderm
in vitro. This differentiation is known to be executed by many
pathways, including both the canonical as well as non-canonical
Wnht signaling pathways, and is associated with an epithelial to
mesenchymal transition (EMT). Hwang and his co-workers
found that, this RA-mediated differentiation  also
concomitantly showed a sustained increase in the levels of
ROS, which by then were already known to positively
influence the Wnt signaling pathway. They then hypothesized
that treating F9 cells with H,0, could activate the Wnt signaling
pathway even in the absence of Wnt ligands, such that the
extraembryonic endoderm is formed, and successfully tested it,
to find that H,O, treatment indeed brought about the appearance
of the markers of primitive endoderm-morphological, molecular,
as well as biochemical ones. They also found the canonical Wnt/
B-catenin signaling to have been activated, as well as the
expression of Nox4 to have been elevated. All these RA-
mediated primitive endoderm differentiation markers were
inhibited when the F9 cells were pretreated with antioxidants
like NAC, or Nox inhibitors like DPI, prior to RA treatment
(Hwang et al., 2011). Thus, their findings paved way for the idea
that ROS signaling does indeed cross paths with the Wnt/p-
catenin cell signaling pathway in the developing mouse embryo,
so as to positively regulate in it, the formation of the
extraembryonic or primitive endoderm.

Nrx, as well as Trx, play important roles in embrogenesis and
tissue patterning, which can be suggested from the fact that Trx1
as well as Nrx knockout mice pups either suffer lethality during
implantation, or if alive with abnormalities as foetuses, they die
soon around birth (Hwang 2014). Similar case occurs with Dvl
knockout mice pups, which suffer from embryonic lethality (van
Amerongen and Berns 2006; Wynshaw-Boris 2012).

Sandieson et al., in 2014, treated F9 cells with H,O, as well as
performed Wnt6 peconditioning, and in both cases, they obtained
results that mimicked that of Hwang et al, that is, similar
diffentiation occurred, accompanied by ROS generation, as
happens in case of RA-induced differentiation. They further
found that the redox state of Nrx, as expected, dictates the
formation of extraembryonic endoderm. Nrx bound to DvI2 in
the undifferentiated F9 cells, and H,O, treatment rescued this
bondage, in line with other studies. When Sandieson and his co-
workers depleted Nrx levels, similar morphological changes were
observed as in the case of RA-induced differentiation, and when
they increased the activity of Protein Kinase A, the primitive
endoderm cells were further induced to parietal endoderm cells.
In line with other studies, this depletion of Nrx also led to an
increased transcription of TCF/LEF targeted genes, which
indicated the canonical Wnt signaling to be in action
(Sandieson et al., 2014). Their studies thus corroborated the
idea that Nrx inhibits Wnt signaling in F9 cells, keeping them
off; after the reception of Wnt ligands or ROS, this constraint is
lifted. Unbound Dvl2 then positions itself to conduct the Wnt
signaling pathway required for the formation of primitive
endoderm.
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2.2.9 Cardiac Differentiation and Protection

The prosurvival mTOR signaling pathway, and the Wnt signaling
pathway, mediate cardioprotection via ROS, by promoting Akt
activation and inhibiting GSK3-B (Yao et al, 2014). Any
disruption in the Wnt pathway modulates this protective loop
and activates GSK3-B, which is a part of the p-catenin
degradation complex (Vigneron et al, 2011). Ischemic
preconditioning, which ensures cardioprotection, is abolished
with secreted frizzled protein 1 (sFRP1) overexpression, as,
sRFP1, which is a Wnt/Frizzled pathway antagonist, decreases
GSK3-p's phosphorylation and inhibition (Barandon et al., 2005).
Studies by Coant et al. showed that Nox1 directly or indirectly
redox-regulates the Wnt and PI3K/Akt signaling pathways, thus
enhancing the nuclear translocation of p-catenin, as well as the
activation of Notchl, a member of the Notch superfamily, which
mediates another important embryonic cell signaling pathway.
Loss of Nox1 and its redox-regulation resulted in the activity of
PTEN to rise, and inhibited the Akt signaling pathway, in
addition to Notchl as well as Wnt/B-catenin signaling
inhibition (Coant et al., 2010) (Zhang et al., 2015).

Funato et al., in 2010, reported that Nrx plays an interesting
role in cardiac and its precursor cells. They observed that Nrx
deficient mice showed cardiovascular defects. On studying, they
found that in cardiac cells, Kelch-like 12 proteins are highly
expressed, which target Dvl for ubiquitination. Nrx in
cardiomyocytes acts antagonistically to Klhl-12, and thereby
acts as Dvl stabilizer. Nrx binding to Dvl releases Dvl from
Klhl-12; Dvl is thus no longer ubiquitinated, and thus, Nrx
maintains a robust pool of Dvl in the cytoplasm to work when
the cells receive Wnt signals (Funato and Miki 2010).

2.2.10 Fibrogenic Differentiation: Osteogenesis,
Adipogenesis, and Chondrogenesis

Wnt plays the role of a molecular switch in case of osteogenic/
adipogenic differentiation (Benayahu et al., 2019). The Wnt/p-
catenin canonical pathway favors the activity of osteoclasts and
osteoblasts and thus, positively regulates it. B-catenin has been
found to induce important signals for the initiation of
osteogenesis, and inactivation of these initiation signals under
specific conditions has been shown to lead to the conversion of
osteoblasts into  chondrocytes, thereby delaying the
mineralization of the skeleton. On the contrary, adipogenesis
is suppressed by Wnt, by the reduction in expression of key
molecular regulators of adipogenesis, like PPARg mRNAs and
C/EBPa (Mathieu and Loboa 2012; Tian et al., 2020).

In conditions of oxidative stress, this fine-tuned regulation is
disrupted, and the entire cascade takes a different path. H,0,
suppresses ~ TCF-mediated  transcription and  affects
osteoblastogenesis adversely, but [-catenin overexpression
mitigates this suppression. The reason why osteogenesis
diminishes with age has also been traced back to ROS levels in
the body, which increase with age, and then consequently
decrease Wnt target genes’ expression, like Opg and Axin2.
Thus, the osteoinductive effect that Wnt displays, is inhibited
by ROS, even when in normal conditions, this pathway is
indispensable for the osteogenesis process to be induced and
conducted (Atashi et al., 2015).
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Increase in oxidative stress along with a decrease in production
of growth factors are symptoms associated with bone involution
processes, like that happens during decreased bone formation, as
well as with increased adiposity of the bone marrow. During these
times, FOXO family of transcription factors get activated, which
govern the primary defense mechanisms against oxidative stress
in the cell. If these cells are osteoblast progenitors, FOXOs under
oxidative stress, associate in an increased magnitude with -
catenin, get translocated to the nucleus, and performs
transcriptive induction of antioxidant target genes, as well as
those associated with cell longevity, dormancy, and cell cycle
arrest. FOXOs are known to antagonize Wnt signaling in
osteoblasts and osteoblast progenitor cells, thereby repressing
osteogenic differentiation (Almeida et al., 2007).

Thus, it can be concluded that osteogenic, chondrogenic, and
myogenic differentiation from mesenchymal stem cells are all
promoted by the Wnt signaling pathway, whereas, the same
pathway  suppresses  adipogenic  differentiation  from
preadipocyte cells. Under normal conditions, FOXO negatively
regulates adipogenesis. However, under the influence of an
oxidative environment, p-catenin, the integral cascade factor of
Whnt signaling pathway gets diverted to the FOXO signaling
pathway, and Wnt signaling is suppressed, and thus
adipogeneis is then favored (Iyer et al., 2013; Ma et al., 2020).

2.2.11 Cellular Senescence

It is a well-established fact that ROS levels, when elevated
chronically, lead to accumulated effects of oxidative-stress
mediated cell damage, further leading to senescence and cell
death, or transformation to malignancy (Azad et al., 2009). But in
recent times it was also found that continuous exposure of
fibroblasts can also set off events leading to senescence in
animals as well as cells in culture (Marchi et al.,, 2012). Yoon
et al, in 2010 tried studying the links if any, between the two
pathways. They treated mouse embryonic fibroblasts with Wnt3A
over an extended period (2 weeks) at low O, levels (physiological
concentration of 3%, rather than 20% that is used in standard
tissue culture, to avoid interference and oxidative stress from
external atmospheric oxygen and its induced replicative
senescence) such that senescence in these culture cells could
be delayed (Yoon et al., 2010). They observed that even in those
extended periods of low O, conditions, the cells showed enhanced
levels of oxidation markers (8-oxoguanine), which they obviously
concluded, to be coming from elevation of endogenous ROS from
mitochondria, thereby shifting these Wnt3A-treated cells into
oxidative stress. Concomitantly, they observed decrease in
proliferation, along with enhanced levels of senescence
markers (P-galacosidase staining). They re-checked their
experimental findings by repeating the same experiments with
the addition of NAC (N-acetyl Cysteine), a molecule which
effectively normalised the aberrant parameters. Wnt mediated
mitochondrial biogenesis was still underway in these NAC-
treated cells, confirming the established idea that Wnt directly
activated mitochondrial biogenetic process rather than as a
secondary response to elevated ROS levels. But in contrast to
that, elevated ROS levels were essentially required to induce Wnt-
mediated senescence, thereby suggesting an upstream role of Wnt
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in induction of replicative senescence in these MEFs, by
increment of mitochondrial biogenesis, which elevates the
cellular ROS levels, and its consequential ROS-mediated
cellular damage (Yoon et al., 2010) (Figure 5).

CONCLUSION

A great deal of research has gone into studying the canonical
Wnt/B-catenin signaling pathway in the deepest details, and
most, if not all of them have suggested that it plays a key role
to induce, manage, execute, and regulate the various events that
are required for normal development of the embryo, as well as
cellular maintenance in adult life. Because of its main engagement
in the growth, proliferation, development and differentiation
processes of the cells and their progenitors, the Wnt signaling
pathway has also been implicated to be one of the root causes of
several human diseases, including neonatal and congenital
conditions, and cancer. Stem cell research for therapy has
made its foray into the minutest details of this pathway in the
past few years, given its important role in maintaining all kinds of
adult, embryonic, adult, as well as cancer stem cells. Hence it
becomes an important task to find and learn about the regulatory
mechanisms of the Wnt pathway under normal conditions, and
how aberrations in these cascades can be mitigated, such that any
deadly disease state can be prevented from onset or progression.

ROS on the other hand have been for long, deemed as toxic
molecules, leading to various diseases across all the organs of the
body, leading to an overall outcome of cell damage and death in
most, if not all cases. But with the broadening of research, they
have increasingly come to be recognized as essential regulators of
a plethora of biological functions and modulating various states of
pathophysiology. They have been found to act at various nodes of
signaling cascades, activating or inhibiting them, to induce

significant toxic or pro-survival effects. It has been
convincingly established that the oxidants could be regulated
at their production source, and could be very specific in what their
effects are. That the earliest organisms like bacteria, and plants
heavily rely on significant aspects of oxidant signaling
mechanisms and pathways, suggests that oxidant signaling
mechanisms are in all probabilities, ancient, and might have
been evolutionarily conserved.

We have discussed here a significant role of ROS-in
mediating the Wnt/B-catenin signaling cascade and its
modulation. We have henceforth concluded that clear and
correct functioning and cross-talk of these two signaling
pathways of ROS and Wnt are essential for appropriately and
robustly deciding the cell-fate. Whereas we have mostly focused
on the term ‘signaling cascades’, we must keep this in mind that
the cell is an active network of multiple signaling cascades
working in tandem, to bring about any particular effect. And
these networks are active every moment that we are living, to
facilitate our effective and healthy life. Hence, more research on
the ROS modulation of these cell-fate deciding signaling
pathways like Wnt, as well as Notch, Hedgehog, etc., along
with the cross-talks going on in these networks, would provide
important clues for strategizing clinical practices, therapies, and
drug discovery, for targeting the diseases that might affect
foetuses and neonates during the perinatal period, as well as
for later diseases like aging and amyloid induced
neurodegeneration, cardiovascular diseases, liver as well as
kidney ailments, and cancer.

AUTHOR CONTRIBUTIONS

SC and PS wrote the draft, collected information and wrote the
manuscript.

Frontiers in Molecular Biosciences | www.frontiersin.org

13

April 2022 | Volume 9 | Article 889719


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Chatterjee and Sil

REFERENCES

Adler, V., Yin, Z., Tew, K. D., and Ronai, Z. E. (1999). Role of Redox Potential and
Reactive Oxygen Species in Stress Signaling. Oncogene 18 (45), 6104-6111.
doi:10.1038/sj.0nc.1203128

Agborbesong, E., Zhou, J. X, Li, L. X,, Calvet, J. P., and Li, X. (2022). Antioxidant
Enzyme Peroxiredoxin 5 Regulates Cyst Growth and Ciliogenesis via
Modulating Plkl Stability. FASEB J. 36 (1), €22089. doi:10.1096/fj.
202101270RR

Akieda, Y., Ogamino, S., Furuie, H., Ishitani, S., Akiyoshi, R., Nogami, J., et al.
(2019). Cell Competition Corrects Noisy Wnt Morphogen Gradients to
Achieve Robust Patterning in the Zebrafish Embryo. Nat. Commun. 10 (1),
4710-4717. doi:10.1038/s41467-019-12609-4

Aldhebiani, A. Y. (2018). Species Concept and Speciation. Saudi J. Biol. Sci. 25 (3),
437-440. doi:10.1016/j.5jbs.2017.04.013

Ali, F,, and Sultana, S. (2012). Repeated Short-Term Stress Synergizes the ROS
Signalling through up Regulation of NFkB and iNOS Expression Induced Due
to Combined Exposure of Trichloroethylene and UVB Rays. Mol. Cel Biochem
360 (1), 133-145. doi:10.1007/s11010-011-1051-7

Almeida, M., Han, L., Martin-Millan, M., O’Brien, C. A., and Manolagas, S. C.
(2007). Oxidative Stress Antagonizes Wnt Signaling in Osteoblast Precursors by
Diverting B-Catenin from T Cell Factor- to Forkhead Box O-Mediated
Transcription. J. Biol. Chem. 282 (37), 27298-27305. doi:10.1074/jbc.
m702811200

Andrea, V. (2018). Coordination of Actin and Microtubule Dynamics by the Formin
Protein Dishevelled-Associated Activator of Morphogenesis. Hungary: University
of Pecs Medical School.

Angers, S., and Moon, R. T. (2009). Proximal Events in Wnt Signal Transduction.
Nat. Rev. Mol. Cel Biol 10 (7), 468-477. d0i:10.1038/nrm2717

Angkeow, P., Deshpande, S. S., Qi, B., Liu, Y.-X,, Park, Y. C,, Jeon, B. H,, et al.
(2002). Redox Factor-1: an Extra-nuclear Role in the Regulation of Endothelial
Oxidative Stress and Apoptosis. Cell Death Differ 9 (7), 717-725. doi:10.1038/sj.
cdd.4401025

Atashi, F., Modarressi, A., and Pepper, M. S. (2015). The Role of Reactive Oxygen
Species in Mesenchymal Stem Cell Adipogenic and Osteogenic Differentiation:
a Review. Stem Cell Dev. 24 (10), 1150-1163. doi:10.1089/scd.2014.0484

Auten, R. L., and Davis, J. M. (2009). Oxygen Toxicity and Reactive Oxygen
Species: the Devil Is in the Details. Pediatr. Res. 66 (2), 121-127. doi:10.1203/
pdr.0b013e3181a9eafb

Azad, M. B., Chen, Y., and Gibson, S. B. (2009). Regulation of Autophagy by
Reactive Oxygen Species (ROS): Implications for Cancer Progression and
Treatment. Antioxid. Redox signaling 11 (4), 777-790. doi:10.1089/ars.2008.
2270

Barandon, L., Dufourcq, P., Costet, P., Moreau, C., Alliéres, C., Daret, D., et al.
(2005). Involvement of FrzA/sFRP-1 and the Wnt/frizzled Pathway in Ischemic
Preconditioning. Circ. Res. 96 (12), 1299-1306. doi:10.1161/01.res.0000171895.
06914.2¢

Barford, D. (2004). The Role of Cysteine Residues as Redox-Sensitive Regulatory
Switches. Curr. Opin. Struct. Biol. 14 (6), 679-686. d0i:10.1016/j.sbi.2004.09.012

Benayahu, D., Wiesenfeld, Y., and Sapir-Koren, R. (2019). How Is Mechanobiology
Involved in Mesenchymal Stem Cell Differentiation toward the Osteoblastic or
Adipogenic Fate? J. Cel Physiol 234 (8), 12133-12141. doi:10.1002/jcp.28099

Benzing, T., Simons, M., and Walz, G. (2007). Wnt Signaling in Polycystic Kidney
Disease. J. Am. Soc. Nephrol. 18 (5), 1389-1398. doi:10.1681/asn.2006121355

Bhalla, U. S. (2004). Models of Cell Signaling Pathways. Curr. Opin. Genet. Dev. 14
(4), 375-381. doi:10.1016/j.gde.2004.05.002

Bindoli, A., Fukuto, J. M., and Forman, H. J. (2008). Thiol Chemistry in Peroxidase
Catalysis and Redox Signaling. Antioxid. Redox signaling 10 (9), 1549-1564.
doi:10.1089/ar5.2008.2063

Bode, J. G., Albrecht, U., Hiussinger, D., Heinrich, P. C., and Schaper, F. (2012).
Hepatic Acute Phase Proteins-Rregulation by IL-6- and IL-1-type Cytokines
Involving STATS3 and its Crosstalk with NF-kb-dependent Signaling. Eur. J. Cel
Biol 91 (6-7), 496-505. doi:10.1016/j.ejcb.2011.09.008

Bokov, A., Chaudhuri, A., and Richardson, A. (2004). The Role of Oxidative
Damage and Stress in Aging. Mech. Ageing Dev. 125 (10-11), 811-826. doi:10.
1016/j.mad.2004.07.009

ROS-Wnt Crosstalk During Perinatal Development

Boopathy, A. V., Che, P. L., Somasuntharam, I, Fiore, V. F., Cabigas, E. B., Ban, K.,
etal. (2014). The Modulation of Cardiac Progenitor Cell Function by Hydrogel-
dependent Notchl Activation. Biomaterials 35 (28), 8103-8112. doi:10.1016/j.
biomaterials.2014.05.082

Cadenas, S. (2018). ROS and Redox Signaling in Myocardial Ischemia-Reperfusion
Injury and Cardioprotection. Free Radic. Biol. Med. 117, 76-89. doi:10.1016/j.
freeradbiomed.2018.01.024

Caliceti, C., Nigro, P., Rizzo, P., and Ferrari, R. (2014). ROS, Notch, and Wnt
Signaling Pathways: Crosstalk between Three Major Regulators of
Cardiovascular Biology. Biomed. Research International 2014, 1-8. doi:10.
1155/2014/318714

Chae, S., Lee, H. K, Kim, Y. K, Jung Sim, H,, Ji, Y., Kim, C,, et al. (2017).
Peroxiredoxinl, a Novel Regulator of Pronephros Development, Influences
Retinoic Acid and Wnt Signaling by Controlling ROS Levels. Sci. Rep. 7 (1),
8874. doi:10.1038/s41598-017-09262-6

Chatterjee, S., and Sil, P. C. (2019). Targeting the Crosstalks of Wnt Pathway with
Hedgehog and Notch for Cancer Therapy. Pharmacol. Res. 142, 251-261.
doi:10.1016/j.phrs.2019.02.027

Chen, X,, Zhao, Y., Luo, W,, Chen, S, Lin, F,, Zhang, X,, et al. (2020). Celastrol
Induces ROS-Mediated Apoptosis via Directly Targeting Peroxiredoxin-2 in
Gastric Cancer Cells. Theranostics 10 (22), 10290-10308. doi:10.7150/thno.
46728

Cheng, S.-L., Shao, J.-S., Behrmann, A., Krchma, K., and Towler, D. A. (2013).
Dkkl and Msx2-Wnt7b Signaling Reciprocally Regulate the Endothelial-
Mesenchymal Transition in Aortic Endothelial Cells. Arterioscler Thromb.
Vasc. Biol. 33 (7), 1679-1689. doi:10.1161/atvbaha.113.300647

Clevers, H. (2006). Wnt/p-Catenin Signaling in Development and Disease. Cell 127
(3), 469-480. doi:10.1016/j.cell.2006.10.018

Coant, N., Ben Mkaddem, S., Pedruzzi, E., Guichard, C., Tréton, X, Ducroc, R,,
et al. (2010). NADPH Oxidase 1 Modulates WNT and NOTCHI Signaling to
Control the Fate of Proliferative Progenitor Cells in the colon. Mol. Cel Biol 30
(11), 2636-2650. doi:10.1128/mcb.01194-09

Corr, M. (2008). Wnt-B-catenin Signaling in the Pathogenesis of Osteoarthritis.
Nat. Rev. Rheumatol. 4 (10), 550-556. doi:10.1038/ncprheum0904

Darwin, C., and Wallace, A. (1858). Proceedings of the Meeting of the Linnean
Society Held on July 1st, 1858. J. Proc. Linn. Soc. Zool 3, 54-56.

Davalli, P., Mitic, T., Caporali, A., Lauriola, A., and D’Arca, D. (2016). ROS, Cell
Senescence, and Novel Molecular Mechanisms in Aging and Age-Related
Diseases. Oxidative Med. Cell. longevity 2016, 1-18. doi:10.1155/2016/3565127

Dayem, A. A., Choi, H.-Y., Kim, J.-H., and Cho, S.-G. (2010). Role of Oxidative
Stress in Stem, Cancer, and Cancer Stem Cells. Cancers 2 (2), 859-884. doi:10.
3390/cancers2020859

de Bittencourt Pasquali, M. A., Gelain, D. P., Zeidan-Chuli4, F., Pires, A. S.,
Gasparotto, J., Terra, S. R,, et al. (2013). Vitamin A (Retinol) Downregulates the
Receptor for Advanced Glycation Endproducts (RAGE) by Oxidant-dependent
Activation of P38 MAPK and NF-kB in Human Lung Cancer A549 Cells. Cell
Signal. 25 (4), 939-954. doi:10.1016/j.cellsig.2013.01.013

Deshpande, V. S., and Kehrer, J. P. (2006). Mechanisms of N-Acetylcysteine-
Driven Enhancement of MK886-Induced Apoptosis. Cell Biol Toxicol 22 (4),
303-311. doi:10.1007/s10565-006-0072-6

Diebold, L., and Chandel, N. S. (2016). Mitochondrial ROS Regulation of
Proliferating Cells. Free Radic. Biol. Med. 100, 86-93. doi:10.1016/j.
freeradbiomed.2016.04.198

Dumollard, R., Duchen, M., and Sardet, C. (2006). Calcium Signals and
Mitochondria at Fertilisation. Semin. Cel. Dev. Biol. 17 (2), 314-323. doi:10.
1016/j.semcdb.2006.02.009

Eberhart, C. G., and Argani, P. (2001). Wnt Signaling in Human Development:
Beta-Catenin Nuclear Translocation in Fetal Lung, Kidney, Placenta,
Capillaries, Adrenal, and Cartilage. Pediatr. Develop. Pathol. 4 (4), 351-357.
doi:10.1007/510024001-0037-y

Eisel, F., Boosen, M., Beck, M., Heide, H., Wittig, I, Beck, K.-F,, et al. (2013).
Platelet-derived Growth Factor Triggers PKA-Mediated Signalling by a Redox-
dependent Mechanism in Rat Renal Mesangial Cells. Biochem. Pharmacol. 85
(1), 101-108. doi:10.1016/j.bcp.2012.10.017

Favero, T. G., Zable, A. C., and Abramson, J. J. (1995). Hydrogen Peroxide
Stimulates the Ca2+ Release Channel from Skeletal Muscle Sarcoplasmic
Reticulum. J. Biol. Chem. 270 (43), 25557-25563. doi:10.1074/jbc.270.43.25557

Frontiers in Molecular Biosciences | www.frontiersin.org

14

April 2022 | Volume 9 | Article 889719


https://doi.org/10.1038/sj.onc.1203128
https://doi.org/10.1096/fj.202101270RR
https://doi.org/10.1096/fj.202101270RR
https://doi.org/10.1038/s41467-019-12609-4
https://doi.org/10.1016/j.sjbs.2017.04.013
https://doi.org/10.1007/s11010-011-1051-7
https://doi.org/10.1074/jbc.m702811200
https://doi.org/10.1074/jbc.m702811200
https://doi.org/10.1038/nrm2717
https://doi.org/10.1038/sj.cdd.4401025
https://doi.org/10.1038/sj.cdd.4401025
https://doi.org/10.1089/scd.2014.0484
https://doi.org/10.1203/pdr.0b013e3181a9eafb
https://doi.org/10.1203/pdr.0b013e3181a9eafb
https://doi.org/10.1089/ars.2008.2270
https://doi.org/10.1089/ars.2008.2270
https://doi.org/10.1161/01.res.0000171895.06914.2c
https://doi.org/10.1161/01.res.0000171895.06914.2c
https://doi.org/10.1016/j.sbi.2004.09.012
https://doi.org/10.1002/jcp.28099
https://doi.org/10.1681/asn.2006121355
https://doi.org/10.1016/j.gde.2004.05.002
https://doi.org/10.1089/ars.2008.2063
https://doi.org/10.1016/j.ejcb.2011.09.008
https://doi.org/10.1016/j.mad.2004.07.009
https://doi.org/10.1016/j.mad.2004.07.009
https://doi.org/10.1016/j.biomaterials.2014.05.082
https://doi.org/10.1016/j.biomaterials.2014.05.082
https://doi.org/10.1016/j.freeradbiomed.2018.01.024
https://doi.org/10.1016/j.freeradbiomed.2018.01.024
https://doi.org/10.1155/2014/318714
https://doi.org/10.1155/2014/318714
https://doi.org/10.1038/s41598-017-09262-6
https://doi.org/10.1016/j.phrs.2019.02.027
https://doi.org/10.7150/thno.46728
https://doi.org/10.7150/thno.46728
https://doi.org/10.1161/atvbaha.113.300647
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1128/mcb.01194-09
https://doi.org/10.1038/ncprheum0904
https://doi.org/10.1155/2016/3565127
https://doi.org/10.3390/cancers2020859
https://doi.org/10.3390/cancers2020859
https://doi.org/10.1016/j.cellsig.2013.01.013
https://doi.org/10.1007/s10565-006-0072-6
https://doi.org/10.1016/j.freeradbiomed.2016.04.198
https://doi.org/10.1016/j.freeradbiomed.2016.04.198
https://doi.org/10.1016/j.semcdb.2006.02.009
https://doi.org/10.1016/j.semcdb.2006.02.009
https://doi.org/10.1007/s10024001-0037-y
https://doi.org/10.1016/j.bcp.2012.10.017
https://doi.org/10.1074/jbc.270.43.25557
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Chatterjee and Sil

Fialkow, L., Wang, Y., and Downey, G. P. (2007). Reactive Oxygen and Nitrogen
Species as Signaling Molecules Regulating Neutrophil Function. Free Radic.
Biol. Med. 42 (2), 153-164. doi:10.1016/j.freeradbiomed.2006.09.030

Finkel, T. (2011). Signal Transduction by Reactive Oxygen Species. J. Cel Biol. 194
(1), 7-15. doi:10.1083/jcb.201102095

Fritz, R, Jain, C., and Armant, D. R. (2014). Cell Signaling in Trophoblast-Uterine
Communication. Int. J. Dev. Biol. 58 (2-3-4), 261-271. doi:10.1387/ijdb.
140011da

Funato, Y., Michiue, T., Asashima, M., and Miki, H. (2006). The Thioredoxin-
Related Redox-Regulating Protein Nucleoredoxin Inhibits Wnt-B-Catenin
Signalling through Dishevelled. Nat. Cel Biol 8 (5), 501-508. do0i:10.1038/
ncb1405

Funato, Y., Michiue, T., Terabayashi, T., Yukita, A., Danno, H., Asashima, M., et al.
(2008). Nucleoredoxin Regulates the Wnt/planar Cell Polarity Pathway
inXenopus. Genes to Cells 13 (9), 965-975. doi:10.1111/j.1365-2443.2008.
01220.x

Funato, Y., and Miki, H. (2010). Redox Regulation of Wnt Signalling via
Nucleoredoxin. Free Radic. Res. 44 (4), 379-388. doi:10.3109/
10715761003610745

Gaki, G. S., and Papavassiliou, A. G. (2014). Oxidative Stress-Induced Signaling
Pathways Implicated in the Pathogenesis of Parkinson’s Disease. Neuromol
Med. 16 (2), 217-230. doi:10.1007/s12017-014-8294-x

Gardiner, C. S, and Reed, D. J. (1994). Status of Glutathione during Oxidant-
Induced Oxidative Stress in the Preimplantation Mouse Embryol. Biol. Reprod.
51 (6), 1307-1314. doi:10.1095/biolreprod51.6.1307

Gilbert, S. F. (2000). “Axis Formation in Amphibians: the Phenomenon of the
Organizer,” in Developmental Biology. 6th edition (United States: Sinauer
Associates).

Goodwin, A. M. (2004). Characterization of the Expression and Function of Wnt
Signaling Components in Vascular Cells. MA, United States: Harvard
University.

Griendling, K. K., Sorescu, D., Lasségue, B., and Ushio-Fukai, M. (2000).
Modulation of Protein Kinase Activity and Gene Expression by Reactive
Oxygen Species and Their Role in Vascular Physiology and
Pathophysiology. Arterioscler Thromb. Vasc. Biol. 20 (10), 2175-2183.
doi:10.1161/01.atv.20.10.2175

Grigoryan, T., Wend, P., Klaus, A., and Birchmeier, W. (2008). Deciphering the
Function of Canonical Wnt Signals in Development and Disease: Conditional
Loss- and Gain-Of-Function Mutations of B-catenin in Mice. Genes Dev. 22
(17), 2308-2341. doi:10.1101/gad.1686208

Gupta, S. K., Malhotra, S. S., Malik, A., Verma, S., and Chaudhary, P. (2016). Cell
Signaling Pathways Involved during Invasion and Syncytialization of
Trophoblast Cells. Am. J. Reprod. Immunol. 75 (3), 361-371. doi:10.1111/aji.
12436

Gurer-Orhan, H., Ince, E., Konyar, D., Saso, L., and Suzen, S. (2018). The Role of
Oxidative Stress Modulators in Breast Cancer. Curr. Med. Chem. 25 (33),
4084-4101. doi:10.2174/0929867324666170711114336

Gutiérrez-Tenorio, J., Marin-Royo, G., Martinez-Martinez, E., Martin, R., Miana,
M., Lopez-Andrés, N., et al. (2017). The Role of Oxidative Stress in the Crosstalk
between Leptin and Mineralocorticoid Receptor in the Cardiac Fibrosis
Associated with Obesity. Sci. Rep. 7 (1), 1-9. doi:10.1038/s41598-017-17103-9

Habas, R, Kato, Y., and He, X. (2001). Wnt/Frizzled Activation of Rho Regulates
Vertebrate Gastrulation and Requires a Novel Formin Homology Protein
Daaml. Cell 107 (7), 843-854. d0i:10.1016/s0092-8674(01)00614-6

Halt, K., and Vainio, S. (2014). Coordination of Kidney Organogenesis by Wnt
Signaling. Pediatr. Nephrol. 29 (4), 737-744. doi:10.1007/s00467-013-2733-z

Hamilton, S., Terentyeva, R., Kim, T. Y., Bronk, P., Clements, R. T., O-Uchi, J., et al.
(2018). Pharmacological Modulation of Mitochondrial Ca2+ Content Regulates
Sarcoplasmic Reticulum Ca2+ Release via Oxidation of the Ryanodine Receptor
by Mitochondria-Derived Reactive Oxygen Species. Front. Physiol. 9, 1831.
doi:10.3389/fphys.2018.01831

Han, Y. (2015). The Role of Reactive Oxygen Species during Early Embryogenesis of
Xenopus laevis. Manchester, United Kingdom: University of Manchester.

Hanschmann, E.-M., Godoy, J. R., Berndt, C., Hudemann, C., and Lillig, C. H.
(2013). Thioredoxins, Glutaredoxins,
Mechanisms and Health Significance: from Cofactors to Antioxidants to
Redox Signaling. Antioxid. Redox signaling 19 (13), 1539-1605. doi:10.1089/
ars.2012.4599

and  Peroxiredoxins-Molecular

ROS-Wnt Crosstalk During Perinatal Development

He, A., Zhang, Y., Yang, Y., Li, L., Feng, X., Wei, B, et al. (2017). Prenatal High
Sucrose Intake Affected Learning and Memory of Aged Rat Offspring with
Abnormal Oxidative Stress and NMDARs/Wnt Signaling in the hippocampus.
Brain Res. 1669, 114-121. doi:10.1016/j.brainres.2017.05.022

Heneberg, P., and Draber, P. (2005). Regulation of Cys-Based Protein Tyrosine
Phosphatases via Reactive Oxygen and Nitrogen Species in Mast Cells and
Basophils. Curr. Med. Chem. 12 (16), 1859-1871. doi:10.2174/
0929867054546636

Hong, S. H., Min, C,, Jun, Y., Lee, D. ], Kim, S. H., Park, J. H., et al. (2018). Silencing
of Peroxiredoxin II by Promoter Methylation Is Necessary for the Survival and
Migration of Gastric Cancer Cells. Exp. Mol. Med. 50 (2), e443. doi:10.1038/
emm.2017.267

Hopkins, M., Zhang, Z., Liu, Z., and Meier, K. (2016). Eicosopentaneoic Acid and
Other Free Fatty Acid Receptor Agonists Inhibit Lysophosphatidic Acid- and
Epidermal Growth Factor-Induced Proliferation of Human Breast Cancer Cells.
J. Clin. Med. 5 (2), 16. doi:10.3390/jcm5020016

Hsia, C. C. W., Schmitz, A., Lambertz, M., Perry, S. F., and Maina, J. N. (2013).
Evolution of Air Breathing: Oxygen Homeostasis and the Transitions from
Water to Land and Sky. Compr. Physiol. 3 (2), 849-915. doi:10.1002/cphy.
120003

Huang, Q., Zhan, L., Cao, H,, Li, J., Lyu, Y., Guo, X,, et al. (2016). Increased
Mitochondrial Fission Promotes Autophagy and Hepatocellular Carcinoma
Cell Survival through the ROS-Modulated Coordinated Regulation of the
NFKB and TP53 Pathways. Autophagy 12 (6), 999-1014. doi:10.1080/
15548627.2016.1166318

Hwang, J. T. K. (2014). Signaling Events during Extraembryonic Endoderm
Differentiation. Canada: The University of Western Ontario

Hwang, J., Wen, J., and Kelly, G. (2011). Activation of Wnt Signaling by Reactive
Oxygen Species. Develop. Biol. 356 (356), 134. doi:10.1016/j.ydbio.2011.
05.112

Iglesias, D. M., Hueber, P.-A., Chu, L., Campbell, R,, Patenaude, A.-M., Dziarmaga,
A.7J, etal. (2007). Canonical WNT Signaling during Kidney Development. Am.
J. Physiology-Renal Physiol. 293 (2), F494-F500. doi:10.1152/ajprenal.00416.
2006

Ito, Y., Nakashima, S., and Nozawa, Y. (1997). Hydrogen Peroxide-Induced
Phospholipase D Activation in Rat Pheochromocytoma PC12 Cells: Possible
Involvement of Ca2+-dependent Protein Tyrosine Kinase. J. Neurochem. 69 (2),
729-736. doi:10.1046/j.1471-4159.1997.69020729.x

Iyer, S., Ambrogini, E., Bartell, S. M., Han, L., Roberson, P. K., de Cabo, R, et al.
(2013). FOXOs Attenuate Bone Formation by Suppressing Wnt Signaling.
J. Clin. Invest. 123 (8), 3409-3419. doi:10.1172/jci68049

Jiang, F., Zhang, Y., and Dusting, G. J. (2011). NADPH Oxidase-Mediated Redox
Signaling: Roles in Cellular Stress Response, Stress Tolerance, and Tissue
Repair. Pharmacol. Rev. 63 (1), 218-242. doi:10.1124/pr.110.002980

Jie, Z., YongFen, Q., and YanRong, Y. (2019). Research Advances in the Role of
Oxidative Stress in the Development and Progression of Liver Fibrosis. J. Clin.
Hepatol. 35 (9), 2067-2071. doi:10.3969/j.issn.1001-5256.2019.09.040

Jin, C., and Flavell, R. A. (2010). The Missing Link: How the Inflammasome Senses
Oxidative Stress. Immunol. Cel Biol 88 (5), 510-512. doi:10.1038/icb.2010.56

Kajla, S., Mondol, A. S., Nagasawa, A., Zhang, Y., Kato, M., Matsuno, K, et al.
(2012). A Crucial Role for Nox 1 in Redox-dependent Regulation of Wnt-p-
catenin Signaling. FASEB j. 26 (5), 2049-2059. doi:10.1096/fj.11-196360

Kim, B., Kim, Y. S., Ahn, H.-M,, Lee, H. ], Jung, M. K,, Jeong, H. Y., et al. (2017).
Peroxiredoxin 5 Overexpression Enhances Tumorigenicity and Correlates with
Poor Prognosis in Gastric Cancer. Int. J. Oncol. 51 (1), 298-306. doi:10.3892/ijo.
2017.4013

Kim, G. H,, Kim, J. E,, Rhie, S.J., and Yoon, S. (2015). The Role of Oxidative Stress
in Neurodegenerative Diseases. Exp. Neurobiol. 24 (4), 325-340. doi:10.5607/
en.2015.24.4.325

Knebel, A., Rahmsdorf, H. ], Ullrich, A. and Herrlich, P. (1996).
Dephosphorylation of Receptor Tyrosine Kinases as Target of Regulation by
Radiation, Oxidants or Alkylating Agents. EMBO J. 15 (19), 5314-5325. doi:10.
1002/.1460-2075.1996.tb00916.x

Komekado, H., Yamamoto, H., Chiba, T., and Kikuchi, A. (2007). Glycosylation
and Palmitoylation of Wnt-3a Are Coupled to Produce an Active Form of Wnt-
3a. Genes Cells 12 (4), 521-534. doi:10.1111/j.1365-2443.2007.01068.x

Komiya, Y., and Habas, R. (2008). Wnt Signal Transduction Pathways.
Organogenesis 4 (2), 68-75. doi:10.4161/0rg.4.2.5851

Frontiers in Molecular Biosciences | www.frontiersin.org

April 2022 | Volume 9 | Article 889719


https://doi.org/10.1016/j.freeradbiomed.2006.09.030
https://doi.org/10.1083/jcb.201102095
https://doi.org/10.1387/ijdb.140011da
https://doi.org/10.1387/ijdb.140011da
https://doi.org/10.1038/ncb1405
https://doi.org/10.1038/ncb1405
https://doi.org/10.1111/j.1365-2443.2008.01220.x
https://doi.org/10.1111/j.1365-2443.2008.01220.x
https://doi.org/10.3109/10715761003610745
https://doi.org/10.3109/10715761003610745
https://doi.org/10.1007/s12017-014-8294-x
https://doi.org/10.1095/biolreprod51.6.1307
https://doi.org/10.1161/01.atv.20.10.2175
https://doi.org/10.1101/gad.1686208
https://doi.org/10.1111/aji.12436
https://doi.org/10.1111/aji.12436
https://doi.org/10.2174/0929867324666170711114336
https://doi.org/10.1038/s41598-017-17103-9
https://doi.org/10.1016/s0092-8674(01)00614-6
https://doi.org/10.1007/s00467-013-2733-z
https://doi.org/10.3389/fphys.2018.01831
https://doi.org/10.1089/ars.2012.4599
https://doi.org/10.1089/ars.2012.4599
https://doi.org/10.1016/j.brainres.2017.05.022
https://doi.org/10.2174/0929867054546636
https://doi.org/10.2174/0929867054546636
https://doi.org/10.1038/emm.2017.267
https://doi.org/10.1038/emm.2017.267
https://doi.org/10.3390/jcm5020016
https://doi.org/10.1002/cphy.c120003
https://doi.org/10.1002/cphy.c120003
https://doi.org/10.1080/15548627.2016.1166318
https://doi.org/10.1080/15548627.2016.1166318
https://doi.org/10.1016/j.ydbio.2011.05.112
https://doi.org/10.1016/j.ydbio.2011.05.112
https://doi.org/10.1152/ajprenal.00416.2006
https://doi.org/10.1152/ajprenal.00416.2006
https://doi.org/10.1046/j.1471-4159.1997.69020729.x
https://doi.org/10.1172/jci68049
https://doi.org/10.1124/pr.110.002980
https://doi.org/10.3969/j.issn.1001-5256.2019.09.040
https://doi.org/10.1038/icb.2010.56
https://doi.org/10.1096/fj.11-196360
https://doi.org/10.3892/ijo.2017.4013
https://doi.org/10.3892/ijo.2017.4013
https://doi.org/10.5607/en.2015.24.4.325
https://doi.org/10.5607/en.2015.24.4.325
https://doi.org/10.1002/j.1460-2075.1996.tb00916.x
https://doi.org/10.1002/j.1460-2075.1996.tb00916.x
https://doi.org/10.1111/j.1365-2443.2007.01068.x
https://doi.org/10.4161/org.4.2.5851
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Chatterjee and Sil

Krumova, K., and Cosa, G. (2016). “Chapter 1. Overview of Reactive Oxygen
Species,” in Singlet Oxygen: Applications in Biosciences and Nanosciences 1,
1-21. doi:10.1039/9781782622208-00001 United Kingdom: Royal Society of
Chemistry

Kryston, T. B., Georgiev, A. B,, Pissis, P., and Georgakilas, A. G. (2011). Role of
Oxidative Stress and DNA Damage in Human Carcinogenesis. Mutat. Resof
Mutagenesis 711 (1-2), 193-201. doi:10.1016/j.mrfmmm.2010.12.016

Kwarteng, E. O., Hétu-Arbour, R., and Heinonen, K. M. (2018). Frontline Science:
Wnt/B-Catenin Pathway Promotes Early Engraftment of Fetal Hematopoietic
Stem/progenitor Cells. J. Leukoc. Biol. 103 (3), 381-393. doi:10.1002/jlb.
1hi0917-373r

Lai, C.-F,, Shao, J.-S., Behrmann, A., Krchma, K., Cheng, S.-L., and Towler, D. A.
(2012). TNFRI-activated Reactive Oxidative Species Signals Up-Regulate
Osteogenic Msx2 Programs in Aortic Myofibroblasts. Endocrinology 153 (8),
3897-3910. doi:10.1210/en.2012-1216

Le Duc, D., Giulivi, C., Hiatt, S. M., Napoli, E., Panoutsopoulos, A., Harlan De
Crescenzo, A., et al. (2019). Pathogenic WDFY3 Variants Cause
Neurodevelopmental Disorders and Opposing Effects on Brain Size. Brain
142 (9), 2617-2630. doi:10.1093/brain/awz198

Lento, W, Ito, T., Zhao, C., Harris, J. R., Huang, W., Jiang, C., et al. (2014). Loss of
B-catenin Triggers Oxidative Stress and Impairs Hematopoietic Regeneration.
Genes Dev. 28 (9), 995-1004. doi:10.1101/gad.231944.113

Li, Z., Fang, F., and Xu, F. (2013). Effects of Different States of Oxidative Stress on
Fetal Rat Alveolar Type II Epithelial Cells In Vitro and ROS-Induced Changes
in Wnt Signaling Pathway Expression. Mol. Med. Rep. 7 (5), 1528-1532. doi:10.
3892/mmr.2013.1388

Libro, R., Bramanti, P., and Mazzon, E. (2016). The Role of the Wnt Canonical
Signaling in Neurodegenerative Diseases. Life Sci. 158, 78-88. doi:10.1016/j.Ifs.
2016.06.024

Lin, S., Li, Y., Zamyatnin, A. A., Werner, J., and Bazhin, A. V. (2018). Reactive
Oxygen Species and Colorectal Cancer. J. Cell Physiol. 233 (7), 5119-5132.
doi:10.1002/jcp.26356

Logan, C. Y., and Nusse, R. (2004). The Wnt Signaling Pathway in Development
and Disease. Annu. Rev. Cel Dev. Biol. 20, 781-810. doi:10.1146/annurev.
cellbio.20.010403.113126

Loh, K. M., van Amerongen, R, and Nusse, R. (2016). Generating Cellular
Diversity and Spatial Form: Wnt Signaling and the Evolution of
Multicellular Animals. Develop. Cel. 38 (6), 643-655. doi:10.1016/j.devcel.
2016.08.011

Love, N. R,, Chen, Y., Ishibashi, S., Kritsiligkou, P., Lea, R., Koh, Y., et al. (2013).
Amputation-induced Reactive Oxygen Species Are Required for Successful
Xenopus Tadpole Tail Regeneration. Nat. Cel Biol 15 (2), 222-228. doi:10.1038/
ncb2659

Lu, H., Wang, B, Cui, N, and Zhang, Y. (2018). Artesunate Suppresses Oxidative
and Inflammatory Processes by Activating Nrf2 and ROS-dependent P38
MAPK and Protects against Cerebral Ischemia-reperfusion Injury. Mol.
Med. Rep. 17 (5), 6639-6646. doi:10.3892/mmr.2018.8666

Ma, X,, Su, P., Yin, C,, Lin, X., Wang, X., Gao, Y., et al. (2020). The Roles of FoxO
Transcription Factors in Regulation of Bone Cells Function. Int. J. Mol. Sci. 21
(3), 692. doi:10.3390/ijms21030692

Maeda, K., Kobayashi, Y., Koide, M., Uehara, S., Okamoto, M., Ishihara, A., et al.
(2019). The Regulation of Bone Metabolism and Disorders by Wnt Signaling.
Int. J. Mol. Sci. 20 (22), 5525. doi:10.3390/ijms20225525

Marchi, S., Giorgi, C., Suski, J. M., Agnoletto, C., Bononi, A., Bonora, M., et al.
(2012). Mitochondria-ros Crosstalk in the Control of Cell Death and Aging.
J. signal transduction 2012, 1-17. doi:10.1155/2012/329635

Marijuén, P. C., del Moral, R., and Navarro, J. (2013). On Eukaryotic Intelligence:
Signaling System’s Guidance in the Evolution of Multicellular Organization.
Biosystems 114 (1), 8-24. doi:10.1016/j.biosystems.2013.06.005

Marinou, K., Christodoulides, C., Antoniades, C., and Koutsilieris, M. (2012). Wnt
Signaling in Cardiovascular Physiology. Trends Endocrinol. Metab. 23 (12),
628-636. doi:10.1016/j.tem.2012.06.001

Matés, J. M., Segura, J. A., Alonso, F. J., and Marquez, J. (2008). Intracellular
Redox Status and Oxidative Stress: Implications for Cell Proliferation,
Apoptosis, and Carcinogenesis. Arch. Toxicol. 82 (5), 273-299. doi:10.
1007/500204-008-0304-z

Mathieu, P. S., and Loboa, E. G. (2012). Cytoskeletal and Focal Adhesion Influences
on Mesenchymal Stem Cell Shape, Mechanical Properties, and Differentiation

ROS-Wnt Crosstalk During Perinatal Development

Down Osteogenic, Adipogenic, and Chondrogenic Pathways. Tissue Eng. B:
Rev. 18 (6), 436-444. doi:10.1089/ten.teb.2012.0014

Menon, S. G. (2006). Reactive Oxygen Species Signaling Mediates N-Acetyl-L-
Cysteine Induced GI Arrest: Regulatory Role of Manganese Superoxide
Dismutase and Cyclin D1. Lowa City, LA, United States: The University of Iowa.

Meves, A, Stock, S. N., Beyerle, A., Pittelkow, M. R,, and Peus, D. (2001). H202
Mediates Oxidative Stress-Induced Epidermal Growth Factor Receptor
Phosphorylation. Toxicol. Lett. 122 (3), 205-214. doi:10.1016/s0378-4274(01)
00359-9

Meyer, M., Pahl, H. L., and Baeuerle, P. A. (1994). Regulation of the Transcription
Factors NF-Kappa B and AP-1 by Redox Changes. Chem. Biol. Interact 91 (2-3),
91-100. doi:10.1016/0009-2797(94)90029-9

Missirlis, F., Rahlfs, S., Dimopoulos, N., Bauer, H., Becker, K., Hilliker, A., et al.
(2003). A Putative Glutathione Peroxidase of Drosophila Encodes a
Thioredoxin Peroxidase that Provides Resistance against Oxidative Stress
but Fails to Complement a Lack of Catalase Activity. Biol. Chem. 384 (3),
463-472. doi:10.1515/BC.2003.052

Monteiro, H. P., Arai, R. J., and Travassos, L. R. (2008). Protein Tyrosine
Phosphorylation and Protein Tyrosine Nitration in Redox Signaling.
Antioxid. Redox signaling 10 (5), 843-890. doi:10.1089/ars.2007.1853

Moolenaar, W. H., van Meeteren, L. A., and Giepmans, B. N. G. (2004). The Ins and
Outs of Lysophosphatidic Acid Signaling. Bioessays 26 (8), 870-881. doi:10.
1002/bies.20081

Natarajan, V., Vepa, S., Verma, R. S., and Scribner, W. M. (1996). Role of Protein
Tyrosine Phosphorylation in H202-Induced Activation of Endothelial Cell
Phospholipase D. Am. J. Physiology-Lung Cell Mol. Physiol. 271 (3), L400-1408.
doi:10.1152/ajplung.1996.271.3.1400

Netto, L. E., and Antunes, F. (2016). The Roles of Peroxiredoxin and Thioredoxin
in Hydrogen Peroxide Sensing and in Signal Transduction. Mol. Cell 39 (1),
65-71. doi:10.14348/molcells.2016.2349

Nicolussi, A., D’Inzeo, S., Capalbo, C., Giannini, G., and Coppa, A. (2017). The
Role of Peroxiredoxins in Cancer. Mol. Clin. Oncol. 6 (2), 139-153. d0i:10.3892/
mco.2017.1129

Okabe, E., Tsujimoto, Y., and Kobayashi, Y. (2000). Calmodulin and Cyclic ADP-
Ribose Interaction in Ca2+Signaling Related to Cardiac Sarcoplasmic
Reticulum: Superoxide Anion Radical-Triggered Ca2+Release. Antioxid.
Redox signaling 2 (1), 47-54. doi:10.1089/ars.2000.2.1-47

Ostman, A., and Bohmer, F.-D. (2001). Regulation of Receptor Tyrosine Kinase
Signaling by Protein Tyrosine Phosphatases. Trends Cell Biology 11 (6),
258-266. doi:10.1016/s0962-8924(01)01990-0

Parinandi, N. L., Scribner, W. M., Vepa, S., Shi, S., and Natarajan, V. (1999).
Phospholipase D Activation in Endothelial Cells Is Redox Sensitive. Antioxid.
Redox signaling 1 (2), 193-210. doi:10.1089/ars.1999.1.2-193

Pavlides, S., Whitaker-Menezes, D., Castello-Cros, R., Flomenberg, N., Witkiewicz,
A.K, Frank, P. G,, et al. (2009). The Reverse Warburg Effect: Aerobic Glycolysis
in Cancer Associated Fibroblasts and the Tumor Stroma. Cell cycle 8 (23),
3984-4001. doi:10.4161/cc.8.23.10238

Peters, A. E., Mihalas, B. P., Bromfield, E. G., Roman, S. D., Nixon, B, and Sutherland,
J. M. (2020). Autophagy in Female Fertility: a Role in Oxidative Stress and Aging.
Antioxid. Redox signaling 32 (8), 550-568. doi:10.1089/ars.2019.7986

Polakis, P. (2000). Wnt Signaling and Cancer. Genes Dev. 14 (15), 1837-1851.
doi:10.1101/gad.14.15.1837

Poli, G., Leonarduzzi, G., Biasi, F., and Chiarpotto, E. (2004). Oxidative Stress and
Cell Signalling. Curr. Med. Chem. 11 (9), 1163-1182. doi:10.2174/
0929867043365323

Pulkkinen, K., Murugan, S., and Vainio, S. (2008). Wnt Signaling in Kidney
Development and Disease. Organogenesis 4 (2), 55-59. doi:10.4161/0rg.4.2.5849

Rharass, T., Lemcke, H., Lantow, M., Kuznetsov, S. A., Weiss, D. G., and
Pandkovd, D. (2014). Ca2+-mediated Mitochondrial Reactive Oxygen
Species Metabolism Augments Wnt/B-Catenin Pathway Activation to
Facilitate Cell Differentiation. J. Biol. Chem. 289 (40), 27937-27951.
doi:10.1074/jbc.m114.573519

Rhee, S. G. (1999). Redox Signaling: Hydrogen Peroxide as Intracellular Messenger.
Exp. Mol. Med. 31 (2), 53-59. doi:10.1038/emm.1999.9

Rhee, S. G., and Woo, H. A. (2011). Multiple Functions of Peroxiredoxins:
Peroxidases, Sensors and Regulators of the Intracellular Messenger H202,
and Protein Chaperones. Antioxid. Redox signaling 15 (3), 781-794. doi:10.
1089/ars.2010.3393

Frontiers in Molecular Biosciences | www.frontiersin.org

16

April 2022 | Volume 9 | Article 889719


https://doi.org/10.1039/9781782622208-00001
https://doi.org/10.1016/j.mrfmmm.2010.12.016
https://doi.org/10.1002/jlb.1hi0917-373r
https://doi.org/10.1002/jlb.1hi0917-373r
https://doi.org/10.1210/en.2012-1216
https://doi.org/10.1093/brain/awz198
https://doi.org/10.1101/gad.231944.113
https://doi.org/10.3892/mmr.2013.1388
https://doi.org/10.3892/mmr.2013.1388
https://doi.org/10.1016/j.lfs.2016.06.024
https://doi.org/10.1016/j.lfs.2016.06.024
https://doi.org/10.1002/jcp.26356
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1016/j.devcel.2016.08.011
https://doi.org/10.1016/j.devcel.2016.08.011
https://doi.org/10.1038/ncb2659
https://doi.org/10.1038/ncb2659
https://doi.org/10.3892/mmr.2018.8666
https://doi.org/10.3390/ijms21030692
https://doi.org/10.3390/ijms20225525
https://doi.org/10.1155/2012/329635
https://doi.org/10.1016/j.biosystems.2013.06.005
https://doi.org/10.1016/j.tem.2012.06.001
https://doi.org/10.1007/s00204-008-0304-z
https://doi.org/10.1007/s00204-008-0304-z
https://doi.org/10.1089/ten.teb.2012.0014
https://doi.org/10.1016/s0378-4274(01)00359-9
https://doi.org/10.1016/s0378-4274(01)00359-9
https://doi.org/10.1016/0009-2797(94)90029-9
https://doi.org/10.1515/BC.2003.052
https://doi.org/10.1089/ars.2007.1853
https://doi.org/10.1002/bies.20081
https://doi.org/10.1002/bies.20081
https://doi.org/10.1152/ajplung.1996.271.3.l400
https://doi.org/10.14348/molcells.2016.2349
https://doi.org/10.3892/mco.2017.1129
https://doi.org/10.3892/mco.2017.1129
https://doi.org/10.1089/ars.2000.2.1-47
https://doi.org/10.1016/s0962-8924(01)01990-0
https://doi.org/10.1089/ars.1999.1.2-193
https://doi.org/10.4161/cc.8.23.10238
https://doi.org/10.1089/ars.2019.7986
https://doi.org/10.1101/gad.14.15.1837
https://doi.org/10.2174/0929867043365323
https://doi.org/10.2174/0929867043365323
https://doi.org/10.4161/org.4.2.5849
https://doi.org/10.1074/jbc.m114.573519
https://doi.org/10.1038/emm.1999.9
https://doi.org/10.1089/ars.2010.3393
https://doi.org/10.1089/ars.2010.3393
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Chatterjee and Sil

Sandieson, L., Hwang, J. T. K., and Kelly, G. M. (2014). Redox Regulation of
Canonical Wnt Signaling Affects Extraembryonic Endoderm Formation. Stem
Cell Dev. 23 (10), 1037-1049. doi:10.1089/scd.2014.0010

Schénenberger, M. J., and Kovacs, W. J. (2015). Hypoxia Signaling Pathways:
Modulators of Oxygen-Related Organelles. Front. Cel. Dev. Biol. 3, 42. doi:10.
3389/fcell.2015.00042

Schulte, G., and Bryja, V. (2007). The Frizzled Family of Unconventional
G-Protein-Coupled Receptors. Trends Pharmacological Sciences 28 (10),
518-525. doi:10.1016/j.tips.2007.09.001

Schulze-Osthoff, K., Los, M., and Baeuerle, P. A. (1995). Redox Signalling by
Transcription Factors NF-Kb and AP-1 in Lymphocytes. Biochem. Pharmacol.
50 (6), 735-741. doi:10.1016/0006-2952(95)02011-z

Shao, J.-S., Aly, Z. A,, Lai, C.-F., Cheng, S.-L., Cai, J., Huang, E., et al. (2007).
Vascular Bmp Msx2 Wnt Signaling and Oxidative Stress in Arterial
Calcification. Ann. N.Y Acad. Sci. 1117 (1), 40-50. doi:10.1196/annals.1402.075

Shapiro, B. M. (1991). The Control of Oxidant Stress at Fertilization. Science 252
(5005), 533-536. doi:10.1126/science.1850548

Shatrov, V. A., Lehmann, V., and Chouaib, S. (1997). Sphingosine-1-phosphate
Mobilizes Intracellular Calcium and Activates Transcription Factor NF-Kb in
U937 Cells. Biochem. biophysical Res. Commun. 234 (1), 121-124. doi:10.1006/
bbrc.1997.6598

Sies, H., and Jones, D. P. (2020). Reactive Oxygen Species (ROS) as Pleiotropic
Physiological Signalling Agents. Nat. Rev. Mol. Cel Biol 21 (7), 363-383. doi:10.
1038/s41580-020-0230-3

Sies, H. (1997). Oxidative Stress: Oxidants and Antioxidants. Exp. Physiol. 82 (2),
291-295. doi:10.1113/expphysiol.1997.sp004024

Simon, A. R, Rai, U,, Fanburg, B. L., and Cochran, B. H. (1998). Activation of the
JAK-STAT Pathway by Reactive Oxygen Species. Am. J. Physiology-Cell Physiol.
275 (6), C1640-C1652. doi:10.1152/ajpcell.1998.275.6.c1640

Simon, A. R., Takahashi, S., Severgnini, M., Fanburg, B. L., and Cochran, B. H.
(2002). Role of the JAK-STAT Pathway in PDGF-Stimulated Proliferation of
Human Airway Smooth Muscle Cells. Am. J. Physiology-Lung Cell Mol. Physiol.
282 (6), L1296-L1304. doi:10.1152/ajplung.00315.2001

Sinha, K., Das, J., Pal, P. B, and Sil, P. C. (2013). Oxidative Stress: the
Mitochondria-dependent and Mitochondria-independent ~Pathways of
Apoptosis. Arch. Toxicol. 87 (7), 1157-1180. doi:10.1007/s00204-013-1034-4

Sverrisson, K., Axelsson, J., Rippe, A., Asgeirsson, D., and Rippe, B. (2015). Acute
Reactive Oxygen Species (ROS)-dependent Effects of IL-1B, TNF-a, and IL-6 on
the Glomerular Filtration Barrier (GFB) In Vivo. Am. ]. Physiology-Renal
Physiol. 309 (9), F800-F806. doi:10.1152/ajprenal.00111.2015

Taciak, B., Pruszynska, I, Kiraga, L., Bialasek, M., and Krol, M. (2018). Wnt
Signaling Pathway in Development and Cancer. J. Physiol. Pharmacol. 69 (2),
185-196. doi:10.26402/jpp.2018.2.07

Takada, R., Satomi, Y., Kurata, T., Ueno, N., Norioka, S., Kondoh, H., et al. (2006).
Monounsaturated Fatty Acid Modification of Wnt Protein: its Role in Wnt
Secretion. Develop. Cel. 11 (6), 791-801. doi:10.1016/j.devcel.2006.10.003

Takekoshi, S., Nagata, H., Matsuzaki, K., and Osamura, R. Y. (2003). Involvement
of Lipid Peroxidation in the Alteration of Protein Kinase C Signaling. Acta
Histochem. Cytochem. 36 (4), 281-285. doi:10.1267/ahc.36.281

Thannickal, V. J., and Fanburg, B. L. (2000). Reactive Oxygen Species in Cell
Signaling. Am. J. Physiology-Lung Cell Mol. Physiol. 279 (6), L1005-L1028.
doi:10.1152/ajplung,2000.279.6.11005

Thomas, C., Mackey, M. M., Diaz, A. A, and Cox, D. P. (2009). Hydroxyl Radical Is
Produced via the Fenton Reaction in Submitochondrial Particles under
Oxidative ~ Stress: Implications for Diseases Associated with Iron
Accumulation. Redox Rep. 14 (3), 102-108. doi:10.1179/135100009x392566

Tian, L., Xiao, H., Li, M., Wu, X,, Xie, Y., Zhou, J,, et al. (2020). A Novel Sprouty4-
Erk1/2-Wnt/B-Catenin Regulatory Loop in Marrow Stromal Progenitor Cells
Controls Osteogenic and Adipogenic Differentiation. Metabolism 105, 154189.
doi:10.1016/j.metabol.2020.154189

Truong, T. H., and Carroll, K. S. (2013). Redox Regulation of Protein Kinases. Crit.
Rev. Biochem. Mol. Biol. 48 (4), 332-356. d0i:10.3109/10409238.2013.790873

Tucker, M. A,, Fox, B. M, Seigler, N., Rodriguez-Miguelez, P., Looney, J., Thomas,
J., et al. (2019). Endothelial Dysfunction in Cystic Fibrosis: Role of Oxidative
Stress. Oxidative Med. Cell Longevity 2019, 1-8. doi:10.1155/2019/1629638

Valerius, M. T. (2012). Bowman’sp-Catenin. J. Am. Soc. Nephrol. 23, 3-4. doi:10.
1681/asn.2011111106

ROS-Wnt Crosstalk During Perinatal Development

van Amerongen, R., and Nusse, R. (2009). Towards an Integrated View of Wnt Signaling
in Development. Development 136 (19), 3205-3214. doi:10.1242/dev.033910

Vanamerongen, R., and Berns, A. (2006). Knockout Mouse Models to Study Wnt
Signal Transduction. Trends. Genet. 22 (12), 678-689. doi:10.1016/j.tig.2006.10.001

VanHook, A. M. (2012). Dishevelled Mediates Wnt-Notch Crosstalk. Sci. Signaling
5 (251), ec298. doi:10.1126/scisignal. 2003786

Vigneron, F., Dos Santos, P., Lemoine, S., Bonnet, M., Tariosse, L., Couffinhal, T.,
et al. (2011). GSK-3B at the Crossroads in the Signalling of Heart
Preconditioning: Implication of mTOR and Wnt Pathways. Cardiovasc. Res.
90 (1), 49-56. doi:10.1093/cvr/cvr002

Wang, H., Gilner, J. B., Bautch, V. L., Wang, D.-Z., Wainwright, B. ], Kirby, S. L.,
et al. (2007). Wnt2 Coordinates the Commitment of Mesoderm to
Hematopoietic, Endothelial, and Cardiac Lineages in Embryoid Bodies.
J. Biol. Chem. 282 (1), 782-791. do0i:10.1074/jbc.m606610200

Wang, Z., Castresana, M. R., and Newman, W. H. (2004). Reactive Oxygen Species-
Sensitive P38 MAPK Controls Thrombin-Induced Migration of Vascular
Smooth Muscle Cells. J. Mol. Cell. Cardiol. 36 (1), 49-56. doi:10.1016/j.
yjmcc.2003.09.014

Wharton, K. A., Jr (2003). Runnin’ with the Dvl: Proteins that Associate with Dsh/
Dvl and Their Significance to Wnt Signal Transduction. Develop. Biol. 253 (1),
1-17. doi:10.1006/dbio.2002.0869

Winterbourn, C. C., and Hampton, M. B. (2008). Thiol Chemistry and Specificity
in Redox Signaling. Free Radic. Biol. Med. 45 (5), 549-561. doi:10.1016/j.
freeradbiomed.2008.05.004

Wong, J. L., Créton, R, and Wessel, G. M. (2004). The Oxidative Burst at
Fertilization Is Dependent upon Activation of the Dual Oxidase UdxI.
Develop. Cel. 7 (6), 801-814. doi:10.1016/j.devcel.2004.10.014

Wu, G. S. (2004). The Functional Interactions between the MAPK and P53
Signaling Pathways. Cancer Biol. Ther. 3 (2), 156-161. doi:10.4161/cbt.3.2.614

Wynshaw-Boris, A. (2012). Dishevelled. Curr. Top. Dev. Biol. 101, 213-235. doi:10.
1016/b978-0-12-394592-1.00007-7

Yao, H., Han, X, and Han, X. (2014). The Cardioprotection of the Insulin-
Mediated PI3K/Akt/mTOR Signaling Pathway. Am. J. Cardiovasc. Drugs 14 (6),
433-442. doi:10.1007/s40256-014-0089-9

Yoon, J. C,, Ng, A,, Kim, B. H., Bianco, A., Xavier, R. ]., and Elledge, S. J. (2010).
Wnt Signaling Regulates Mitochondrial Physiology and Insulin Sensitivity.
Genes Dev. 24 (14), 1507-1518. doi:10.1101/gad.1924910

Zhang, B., Hirahashi, J., Cullere, X., and Mayadas, T. N. (2003). Elucidation of
Molecular Events Leading to Neutrophil Apoptosis Following Phagocytosis.
J. Biol. Chem. 278 (31), 28443-28454. doi:10.1074/jbc.m210727200

Zhang, Y., Bi, X,, and Jiang, F. (2015). Cytotoxin-induced NADPH Oxides
Activation: Roles in Regulation of Cell Death. Arch. Toxicol. 89 (7),
991-1006. doi:10.1007/s00204-015-1476-y

Zhao, W., Chen, S. S., Chen, Y., Ahokas, R. A., and Sun, Y. (2008). Kidney Fibrosis
in Hypertensive Rats: Role of Oxidative Stress. Am. J. Nephrol. 28 (4), 548-554.
doi:10.1159/000115289

Ziech, D., Franco, R, Georgakilas, A. G., Georgakila, S., Malamou-Mitsi, V.,
Schoneveld, O., et al. (2010). The Role of Reactive Oxygen Species and
Oxidative Stress in Environmental Carcinogenesis and Biomarker Development.
Chemico-biological interactions 188 (2), 334-339. doi:10.1016/j.cbi.2010.07.010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chatterjee and Sil. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

17

April 2022 | Volume 9 | Article 889719


https://doi.org/10.1089/scd.2014.0010
https://doi.org/10.3389/fcell.2015.00042
https://doi.org/10.3389/fcell.2015.00042
https://doi.org/10.1016/j.tips.2007.09.001
https://doi.org/10.1016/0006-2952(95)02011-z
https://doi.org/10.1196/annals.1402.075
https://doi.org/10.1126/science.1850548
https://doi.org/10.1006/bbrc.1997.6598
https://doi.org/10.1006/bbrc.1997.6598
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1113/expphysiol.1997.sp004024
https://doi.org/10.1152/ajpcell.1998.275.6.c1640
https://doi.org/10.1152/ajplung.00315.2001
https://doi.org/10.1007/s00204-013-1034-4
https://doi.org/10.1152/ajprenal.00111.2015
https://doi.org/10.26402/jpp.2018.2.07
https://doi.org/10.1016/j.devcel.2006.10.003
https://doi.org/10.1267/ahc.36.281
https://doi.org/10.1152/ajplung.2000.279.6.l1005
https://doi.org/10.1179/135100009x392566
https://doi.org/10.1016/j.metabol.2020.154189
https://doi.org/10.3109/10409238.2013.790873
https://doi.org/10.1155/2019/1629638
https://doi.org/10.1681/asn.2011111106
https://doi.org/10.1681/asn.2011111106
https://doi.org/10.1242/dev.033910
https://doi.org/10.1016/j.tig.2006.10.001
https://doi.org/10.1126/scisignal.2003786
https://doi.org/10.1093/cvr/cvr002
https://doi.org/10.1074/jbc.m606610200
https://doi.org/10.1016/j.yjmcc.2003.09.014
https://doi.org/10.1016/j.yjmcc.2003.09.014
https://doi.org/10.1006/dbio.2002.0869
https://doi.org/10.1016/j.freeradbiomed.2008.05.004
https://doi.org/10.1016/j.freeradbiomed.2008.05.004
https://doi.org/10.1016/j.devcel.2004.10.014
https://doi.org/10.4161/cbt.3.2.614
https://doi.org/10.1016/b978-0-12-394592-1.00007-7
https://doi.org/10.1016/b978-0-12-394592-1.00007-7
https://doi.org/10.1007/s40256-014-0089-9
https://doi.org/10.1101/gad.1924910
https://doi.org/10.1074/jbc.m210727200
https://doi.org/10.1007/s00204-015-1476-y
https://doi.org/10.1159/000115289
https://doi.org/10.1016/j.cbi.2010.07.010
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	ROS-Influenced Regulatory Cross-Talk With Wnt Signaling Pathway During Perinatal Development
	Introduction
	1.1 Generation and Propagation of ROS in the Body
	1.2 Other Roles of ROS
	1.3 Wnt Signaling Pathway
	1.4 ROS -Mediated Signaling Pathways

	2 ROS-Wnt Interplay in Developmental Signaling Networks
	2.1 General Mechanistic Aspects
	2.2 Specific Interactions and Roles
	2.2.1 Cell Death and Apoptosis
	2.2.2 Embryological Patterning
	2.2.3 Lung Development, Differentiation and Damage
	2.2.4 Neural Development and Differentiation, Senescence and Neuronal Damage
	2.2.5 HSC Sustenance and Differentiation
	2.2.6 Vascular Differentiation
	2.2.7 Nephrological Development
	2.2.8 Extraembryonic Endoderm Formation and Differentiation
	2.2.9 Cardiac Differentiation and Protection
	2.2.10 Fibrogenic Differentiation: Osteogenesis, Adipogenesis, and Chondrogenesis
	2.2.11 Cellular Senescence


	Conclusion
	Author Contributions
	References


