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Introduction

1. Reactive oxygen and nitrogen species (ROS/RNS)

This Thesis has been developed in the field of Redox Biology and more
precisely in the study of cellular mechanisms that maintain or disturb “Redox
Homeostasis” and allow for redox regulation of protein function in signaling and
metabolism in the context of cancer. | will begin the introduction to the subject with a
brief description of the origin and characteristics of Reactive Oxygen and Nitrogen
Species (ROS/RNS). Many reviews have been published on this subject of whom |
highlight the following: -°.

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are a
family of molecules produced in all living organisms mainly as a consequence of
aerobic life. Traditionally these reactive species have been considered responsible for
the oxidative stress in the cells and for the damage to most biomolecules. However,
emerging data show that ROS and RNS are necessary for life and play an important
role in a wide variety of essential physiological processes. Aerobic organisms take
molecular oxygen (O2) from the air and is reduced to H;O inside the cells in the
reactions of the electron transport chain and oxidative phosphorylation. This process
is called cellular respiration and it is where most of ROS are produced. In general,
ROS can be classified into two groups, radical and non-radicals. The radical group is
composed of superoxide anion (O27), hydroxyl radical (-OH), peroxyl (ROO") alkoxyl
radicals (RO-), nitric oxide radical (NO’), and nitrogen dioxide (NO';) which contain at
least one unpaired electron in their external orbit capable of independent existence.
On the other hand, the nonradical group is composed of a large variety of molecules,
among which are hydrogen peroxide (H20:), hypochlorous acid (HOCI), hypobromous
acid (HOBr), lipid peroxides (ROOH), aldehydes, ozone (Os), singlet oxygen (*O),
peroxynitrite (ONOO) and peroxynitrous acid (ONOOH) (Figure 1).

Superoxide ion radical (O>7) is the most important widespread ROS resulting
from the transfer of one electron to O,. O»" is relatively stable and reacts poorly with
biological components. Due to its pKa of 4.8, it can exist as either O,"or hydroperoxyl
radical (HO;) at low pH which can more easily penetrate biological membranes. Both
0.~ and HO"; can reduce ferric (Fe®") to ferrous (Fe®") ions. The superoxide anion
radical also can act as a nucleophile and as oxidizing agent against ascorbate and

tocopherol but the most important reaction is dismutation. In this reaction that can be
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spontaneous or catalyzed by superoxide dismutase enzyme family (SOD), one
superoxide radical reacts with another superoxide radical in which one radical is

oxidized to oxygen and the other is reduced to H.O.

Hydrogen peroxide (H20.) is a stable molecule that can be also formed by the
spontaneous transfer of two electrons to oxygen. It is not a radical but it can cause
damage to the cell at low concentration (10 pM). Its harmful chemical effects can be
direct or indirect by producing OH' in the presence of transition metal ions.

Hydroxyl radical (OH’) is the most aggressive radical species in biological
systems. In contrast to the superoxide anion, OH' is a short-lived species which acts
as a powerful oxidant for a wide range of both organic and inorganic molecules that
are present in the cells. It is formed in a Fenton reaction, in which H,O: reacts with
metal ions (Fe?* or Cu?*), or by the reaction between O, and H.O; called Haber-

Weiss reaction.
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Figure 1. Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS). SOD,
superoxide dismutase; NOS, nitric oxide synthase. Figure adapted from Nathan & Shiloh 7
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Nitric oxide (‘NO) is a relatively stable and highly diffusible free-radical gas
which reacts with oxygen to form nitrogen oxides. It can be included in both RNS
family and ROS, and is synthesized by nitric oxide synthase (NOS) from L-arginine,
oxygen and NADPH. Three isoforms of NOS have been described, neuronal (nNOS
or NOS type I), inducible (iNOS or NOS type II) and endothelial (eNOS or NOS type
1) which play different roles 8. Nitric oxide is both water- and lipid-soluble so it
diffuses freely through the cytoplasm and plasma membrane and has a short half-life.
It can react with a variety of radicals to form nitrite (NO), and nitrate (NO-3).

Peroxynitrite anion (ONOO).-Under physiological conditions, NO' is able to
react with a superoxide anion producing peroxynitrite anion (ONOO"). This reaction is
important to maintain the balance of superoxide radicals and other ROS molecules.
Peroxynitrite is a strong short-life oxidant that can diffuse across cell membranes and
might provoke depletion of sulfhydry groups and oxidative damage on most
biomolecules similar to OH'. It can directly react with CO, to form nitroso peroxo
carboxylate (ONOOCOy) or it can protonate to peroxynitrous acid (ONOOH).
Peroxynitrite anion can also react fast with carbon dioxide to form carbonate (CO3)
and nitrogen dioxide (‘NO;) radicals that are responsible for component nitration.
Alternatively, peroxynitrous acid can undergo homolytic fission to generate hydroxyl

radicals and nitrogen dioxide.

Most ROS/RNS are short-lived species whose life span depend on the
environmental conditions like pH or the presence of other species. For these reasons,
the ROS/RNS selectivity for redox signaling is achieved by regulating the subcellular
location and exposure time to promote kinetically competent redox reactions. Due to
the instability of many types of ROS/RNS and the redox buffer capacity of the cell, it
is very important that a colocalization exits between the source of ROS/RNS and
targets as well as a modulation of the local redox buffer capacity °.
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2. Oxidative and nitrosative stress

The term "oxidative stress" was originally defined as a lack of balance between
ROS/RNS and the antioxidant organism's capacity!?, but the definition has been
reviewed and the new version is an imbalance between oxidants and antioxidants in
favour of the oxidants, leading to a disruption of redox signalling and control and/or
molecular damage!!. Therefore, oxidative stress can be classified according to the
amount of ROS/RNS, with levels ranging from physiological oxidative stress (eutress)
to pathological oxidative stress (distress). At low or moderate cell levels, ROS act as
signaling molecules that regulate critical physiological processes such as proliferation,
apoptosis and inflammatory responses as well as activation of transcriptional factors 2~
14 ROS play an important role as regulatory mediators in signaling processes since
organisms have developed specific mechanisms that allow them their use as signaling
molecules'®. However, at higher concentration, both ROS and RNS generate oxidative
stress and nitrosative stress, respectively, that easily cause irreversible modifications in
different biomolecules like proteins, lipids, or nucleic acids. Oxidative stress has been
associated with different pathologies as neurodegenerative diseases (Parkinson,
Alzheimer, Huntington's disease and amyotrophic lateral sclerosis), diabetes,
rheumatoid diseases, cardiovascular disease, cataracts and cancer %8, Besides, the
progressive decline of antioxidant defence provokes the disability of physiological

functions, promoting disease emergence and ageing!*1%-21,

2.1. Sources of ROS/RNS

Free radicals, both reactive oxygen species (ROS) and reactive nitrogen
species (RNS), can have exogenous and endogenous origin. The totality of exogenous
sources has been denominated as the "exposome" 22 which includes tobacco smoke,

pollution, ionizing or solar radiation and diet among others?24,

Although the risk of the organisms exposure to exogenous sources of
ROS/RNS is high, the endogenous sources are more important since exposure to
endogenously produced ROS/RNS in the cell is a continuous process throughout the
life of each organism. The subcellular localization where ROS/RNS are generated as
well as their temporal and spatial distribution is very important. The main organelles for

ROS production under physiological conditions are mitochondria and cell membranes
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but there are also other organelles, such as the endoplasmic reticulum (ER) and

peroxisomes or even ROS/RNS producing enzymes (Figure 2).

20
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Figure 2. Cellular sources of ROS/RNS production. Figure adapted from Di Meo et al. 17

02" is produced by one-electron reduction of molecular oxygen in the
mitochondria when the flow of electrons through the electron transport chain (ETC)
during the synthesis of ATP eventually fails ?°. The major sites of superoxide anion
production are Complex | and Complex lll of the ETC ?® and then superoxide is
converted to hydrogen peroxide by the action of mitochondrial superoxide dismutase
(MnSOD). In addition, monoamino oxidase, a-ketoglutarae dehydrogenase, glycerol
phosphate dehydrogenase and p66shc protein are other mitochondrial components
that contribute to the generation of ROS 27, Mitochondrial membrane potential has
been proposed to influence ROS generation since an increase in the proton-motive
force is associated with an increase in ROS production, as well as the opposite effect.
However, the relationship between the proton-motive force and ROS production is not

yet known 2,
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Another important intracellular source of ROS, mainly Oz or H20O;, is the
NADPH oxidases (Nox) family of enzymes, and their dual oxidase relatives (Duox),
which are localized to various cellular membranes. Nox family was first described in
neutrophils as an important source of ROS for the phagocytic killing of pathogens
during the immune response. This NADPH oxidase is composed of two membrane
proteins, Nox2 and p22phox, three cytosolic proteins p67phox, p47phox, and p40phox,
and a small GTP binding protein Rac. NADPH oxidase has also been involved in the
production of ROS in non-phagocytic cells ?°. In human, there are seven Nox
homologues (Nox1-5, Duox1 and 2 Duox2) that produce ROS for host defence and cell
signaling 332, It has also been reported that lipoxygenase 32 and cyclooxygenase 3*

intermediaries stimulate the generation of ROS by Noxs.

The primary source of ROS from the ER is oxidative protein folding. The
majority of protein disulfide formation reactions are initiated by the glycoprotein Erol
which catalyses the two-electrons transfer from dithiols to Oz resulting in the formation
of H,O, . In addition, other enzymes of the ER such as cytochrome P450 reductase
contribute to the formation of ROS ¢,

Peroxisomes are subcellular respiratory organelles that produce hydroxyl and
superoxide radicals as well as hydrogen peroxide by xanthine oxidase and other
enzymes 378, In addition, peroxisomes contain the inducible form of nitric oxide
synthase so that produces ‘NO *. Under some physiological or pathological conditions,

peroxisomes may act as a H.O, and ‘NO source .

2.2. Targets of ROS/RNS

ROS and RNS could provoke reversible or irreversible redox modifications of
biomolecules such as proteins, lipids, DNA and RNA, altering their structure and

functionality.
Nucleic acids

Although DNA is a stable and well-protected molecule, both ROS and RNS can
damage it by oxidation. Hydroxyl radicals are the main ROS that can directly react with
purine and pyrimidine bases as well as deoxyribose sugar backbone and cause several
types of damage, such as single and double DNA break and loss of purines ¥4, The
OH' can attack guanine at its C-8 position to produce 8-hydroxy deoxyguanosine (8-

OHdG) which is considered the standard biomarker of oxidative damage in DNA 42, On
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the other hand, peroxynitrite reacts with guanine causing nitrative and oxidative DNA
lesions such as 8-nitroguanine and 8-oxodeoxyguanosine, respectively. 8-nitroguanine
is unstable and can be spontaneously removed resulting in loss of purines (apurinic
sites) and mutagenic DNA lesion “%. In the case of RNA, it is more vulnerable to
oxidative damage than DNA and 7,8-dihydro-8-oxoguanosine (8-oxoG) is the most
study RNA damaged product 4.

Lipids

Membrane lipids, especially polyunsaturated fatty acids, are the most
susceptible to peroxidation by peroxynitrite-derived radicals which results in the
compromise of the integrity and functionality of cell membranes. Malondialdehyde
(MDA) and nitrito-, nitro-., nitrosoperoxo- and/or nitrated lipids are products of lipid
peroxidation 446, Peroxidation of polyunsaturated fatty acids yields lipid aldehydes
represented by 4-hydroxynonenal (4HNE) 4748, Peroxynitrite also provokes the
oxidation of arachidonic acid and the formation of F.-isoprostanes which are
considered as the marker of the oxidative lipid damage *°.

Proteins

Proteins sustain most of the damage caused by ROS because they are the
most abundant biomolecules in the cell. ROS/RNS provoke side-chain oxidation of
amino acid residues, backbone fragmentation, unfolding and misfolding resulting in
loss of protein function/enzymatic activity or their degradation by specific proteases °°.
All amino acids are sensitive towards oxidation but the sulfur atom of methionines and
cysteines is more prone to oxidation than others. Oxidations of amino acids can be
irreversible, like carbonylation or reversible by the activity of disulfide reductases on

oxidized Cys or methionine sulfoxide reductase on Met-sulfoxide.
Irreversible

Lysine, arginine proline and histidine residues can be oxidated by "OH giving
rise to carbonyl derivates that serve as markers of ROS mediated protein oxidative
damage. Aromatic amino acids like tyrosine, are also susceptible to be oxidized by ‘OH
or ONOO resulting in dityrosine (a marker for hydroxyl radical) and 3-nitrotyrosine (a

marker for RNS), respectively 48,
Reversible

Methionine (Met) and cysteine (Cys) residues are the amino acids most

susceptible to oxidation by ROS. In organisms from bacteria to human, ROS are able

7
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to reversibly regulate many important intracellular pathways through the redox
modulation of specific Cys residues of target proteins which can function as redox-
dependent switches. Similar to the phosphorylation/dephosphorylation of Ser and Thr
residues, the post-translational modification of specific Cys and their reversion provide
a mechanism for the regulation of the protein function .. The first evidence that
supported the role of ROS as signal transduction was the increases of ROS generation
after growth factor stimulation such as PDGF and EGF %253, The Cys residues that are
targets for reversible oxidation at physiological pH by ROS include those with a low-pKa
(4-5) thiol group that are in the thiolate form (S°) **. These reactive Cys are easily
oxidized by H»O; to a sulfenic form (-SOH) which is unstable and can be oxidized
successively to sulfinic acid (-SO;H) and sulphonic acid (-SOsH). The reversible
oxidation of thiolate anion to sulphenic acid leads many effects on protein stability,
activity, subcellular localization or protein-protein interaction 5. Other post-translational
modifications of Cys include nitrosation (-SNO), glutathionylation (-SSG), or the

formation of an inter- or intramolecular disulfide bond (-SS-) (Figure 3) 13144855,

S-Nitration Intra_molecular
disulfide s s
S5-NO S\ s o s — g
/
/
Intermolecular
disulfide
RNS
s SOH SO,H SOH
/ ROS /" ROS ::: p
.__‘\__/
Thiolate Sulfenic Sulfinic Sulfonic
anion acid acid acid
GSH
H,0 5-5G
/
S-glutathionylation

Figure 3. Schematic overview of reversible modifications of reactive cysteines.
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Due to the importance of reversible modifications in cysteine residues, several
proteomic approaches by mass spectrometry have been developed that allow us to
identify the specific post-translational modification (PTM), the modified amino acid and
the percentage of modified protein by that PTM. Most of the redox proteomics
approaches initially block all free thiols with an alkylating reagent, such as
iodoacetamide or N-ethylmaleimide, followed by the specific reduction of the PTM,
such as dithiothreitol, and subsequent labeling with either the heavy isotope of the
initial blocking reagent or another different -8, Thus, the Thiol Redox Proteome refers
to the set of mapped protein cysteines showing reversible redox changes under given
conditions or in response to stimuli *°. Its detailed description may provide an insightful
snapshot of the set of thiol redox switches in a cell under given conditions %, The
identification and modulation by reversible redox PTMs of key proteins that can control
metabolic flow, would offer promising therapeutic candidates for a number of disease

states such as cancer .

On the other hand, methionine is easily and reversibly oxidized to methionine
sulfoxide derivatives by a wide range of ROS and might provide an analogous redox-
dependent system. Recent studies indicate that both actin polymerization and the
activity of the Ca?*/Calmodulin-dependent kinase Il (CaMKIl) can be regulated by

reversible oxidation of specific Met residue %2754,

This doctoral thesis has focused on the study of reversible PTMs in cysteine
residues since its reversible nature allows them to play a critical role in
function/enzymatic activity as redox switches involved in cell signaling. The relevance
of these reversible modifications and their reversal by disulfide reductases will be

described in detail later.
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3. Redox homeostasis and antioxidant systems

The regulation of intracellular ROS levels is crucial to maintain cellular
homeostasis since different ROS levels can induce different biological responses.
Redox homeostasis is achieved thanks to antioxidant systems responsible for
maintaining the balance between generation and elimination of ROS/RNS. The concept
of biological antioxidant can be defined as any compound that is able, at low
concentrations, to compete with another oxidizable substrate so that delays or prevents
its oxidation. Under physiological conditions, the cell temporarily disrupts that balance,
either by slightly increasing the concentration of ROS or decreasing the activity of one
or more antioxidant systems, to allow redox signaling %°. Therefore, moderate levels of
ROS promote cell proliferation and differentiation and activate stress-sensitive survival

pathways 6,

As a consequence of the exposure of living beings to radical species all
organisms have developed antioxidant systems to protect them against these reactive
species. The antioxidant defense systems are either enzymatic or non-enzymatic. The
enzymatic antioxidant can be divided into those that directly detoxify the radicals such
as SOD, catalase, glutathione peroxidase (GPx), and peroxiredoxin (Prx), and those
that react with reversibly oxidized thiol groups of proteins such as
thioredoxin/thioredoxin reductase system (Trx/TrxR),
glutathione/glutaredoxin/glutathion reductase system (GSH/Grx/GR), sulfiredoxin and
methionine sulfoxide reductase. The non-enzymatic systems include numerous small
compounds that are able to prevent oxidative damage by direct or indirect interaction

with ROS such as lipoic acid 7, ascorbic acid ¢ and glutathione ©°.

Antioxidant enzyme systems are briefly described below and more in detail
those that have been studied in this Thesis: Trx/TrxR (articles 1 and 3), GSH/Grx/GR

(article 1) and peroxiredoxins (article 2).

3.1. Superoxide dismutase (SOD)

SOD was the first well-characterized antioxidant enzyme able to catalyze the
dismutation of Oz~ to H,O, 7 . Three different types of SOD exist in mammals: copper-
zinc SOD (SOD1), manganese SOD (SOD2) and SOD3, present in the cytoplasm,

mitochondrial matrix and extracellular medium, respectively. SODs play a critical role in
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endothelial and mitochondrial function by preventing ONOO™ and OH' formation and

participate in compartmentalized redox signaling to regulate many vascular functions™.

3.2. Catalase

Catalase is a heme enzyme responsible for the detoxification of various
phenols, alcohols, and hydrogen peroxide through the depletion of H202 to H.O and O
without consumption of endogenous reducing equivalents. Catalases are classified into
three groups based on their structure and function: the first and the second group are
formed by heme-containing enzymes whereas the third group contains manganese
catalases. The human catalase belongs to the first group and is characterized by a
small subunit (62 kDa), with heme b as its prosthetic group and NADPH as cofactor.
Catalase is mainly located in peroxisomes but also in cytosol. Changes in its activity or
expression are related to pathological processes as Zellweger syndrome, acatalasemia
or WAGR syndrome "2,

3.3 Glutathione peroxidase (GPx)

Glutathione peroxidase is a selenium-containing enzyme that catalyses both the
reduction of H.O, and organic hydroperoxides to water or corresponding alcohols using
GSH as electron donor. Eight isoforms of GPx exist in humans, five of them (GPx1,
GPx2, GPx3, GPx4, and GPx6) contain a selenocysteine residue in their active sites
and three employ an active-site cysteine. GPx enzymes play an important role in H>O»

and cell signaling .

The tripeptide L-y-glutamyl-L-cysteinyl-glycine, or GSH, is the major low-
molecular-weight antioxidant in mammalian cells involved in the control of the
thiol/disulfide redox potential of the cell. Due to the sulfhydryl group (-SH) of cysteine,
GSH is not only used as scavenger of a wide range of ROS/RNS, but is also utilized as
antioxidant defense by three members of glutathione peroxidase (GPx) and by 1-Cys
peroxirredoxins. H>O- is reduced by GSH to H,O and glutathione disulfide (GSSG) and
then, GSSG is reduced to GSH by glutathione reductase (GR) which uses NADPH as
electron donor. Therefore, intracellular GSH can exist as a reduced monomer or as
oxidized disulfide dimer (GSH/GSSG) and although is mainly freely distributed in the
cytosol (about 85-95% of concentration) can also be located in the mitochondria,
peroxisomes, the nuclear matrix and ER. The concentration of GSH in the cytosol is in

the range 1-2 mM whereas in hepatocytes the concentration can reach up 10 mM.
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However, in plasma, the concentration of GSH decreases to UM because of its rapid
catabolism. GSH is a ubiquitous molecule that not only acts as an antioxidant defense
molecule and an important reservoir of the amino acid cysteine but also participates in
many different physiological processes as detoxification of xenobiotics and cell cycle
regulation, proliferation and apoptosis 5°747°,

3.4. Peroxiredoxins (Prdx)

As a member of this family, human peroxiredoxin 6, has been studied in the
second article of this Thesis so this antioxidant family will be described in more detail.

Peroxiredoxins (Prdx), together with CAT, SOD and GPx, are one of the most
important enzymes involved in defense against oxidative stress, constituting a
ubiquitous family of thiol-dependent peroxidases. Prdx family enzymes have a
molecular weight of 20-30 kDa and are present in all the studied organisms. Their
function consists in the reduction of H.O2, peroxynitrite and alkyl hydroperoxides to
water, nitrite and the corresponding alcohol, respectively ®7. For a long time, the role
of Prdx has been studied as defense against oxidative stress and has been considered
as the major cellular defense system against peroxides. However, in recent years, it
has been suggested that Prxs are involved in other processes such as cell signaling or

membrane remodelling, in addition to antioxidant defense.

All Prdx isoforms contain a crucially conserved active-site cysteine, known as
the peroxidatic cysteine (C,), which is located in a universally conserved Pxxx(T/S)xxC
motif in the amino-terminal portion of the protein’®. Six isoforms of Prdx exist in
humans, classified into three subgroups depending on the number and localization of

the cysteine residues involved in their catalytic activities 76780
Typical 2-Cys Prdx subgroup (Prdx1-4)

They contain another additional conserved Cys, referred to as resolving
cysteine (C;) in the carboxyl-terminal region. Both conserved Cys residues are
necessary for their catalytic activity. The C,-SH is selectively oxidized by H,O- to the
Cp-SOH intermediate, and then an intermolecular disulfide is formed with Cgr-SH.
Finally, a dithiol, usually Trx, attacks the intersubunit disulfide bridge using electrons
from NADPH and the catalytic cycle can be repeated. Prdx can react with a second

H202 molecule before it is able to react with Cz-SH and originate the hyperoxidized
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form (C,-SO2H). The Cp-SO2H residue can be reduced by an ATP-dependent reaction
catalyzed by sulfiredoxin (Srx) (Figure 4).

Typical 2-Cys Prdx in the reduced or hyperoxidized state forms homodimers
containing two identical active sites, except Prdx2 which has been demonstrated that
exists also in decameric forms 8%, Prdx1 and Prdx2 are mainly localized in the cytosol,

Prdx3 in mitochondria, and Prdx4 predominantly in the ER &2,

-C,SO,H HSC,
Iy

'CRSH HOZSCP-

H0, - HO

C,5  HSCye o, C,SOH HSCy C,5—SCy
“CpSH  SC, H,0 “C,SH HOSC, H,0 ~C5—SCyr
Trx/TrxR/NADPH

Figure 4. Reaction mechanism of human Prdx1-4. Figure adapted from Seo et al. & Srx, Sulfiredoxin;
Trx, Thioredoxin; TrxR, Trx reductase.

Atypical 2-Cys Prdx subgroup (Prx5)

The carboxyl-terminal region of this Prdx is smaller than the 2-Cys Prdx
described above so that the C; (Cys-152) is closer to C, (Cys-47). The Cyresidue of the
active site is oxidized and forms an intramolecular disulfide intermediate with the C,
within the same subunit. The intramolecular disulfide formed is reduced by Trx system
(Figure 5). Prdx5 is localized in the cytosol, mitochondria and peroxisomes, and it does
not form dimers .
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/

- HSC H HSC
PS R H 292 ) PSO
aSH  SCp H,0 -SH HOSC;

T/ TxR/NADPH

Figure 5. Reaction mechanism of human Prdx5. Figure adapted from Seo et al 8. Trx, Thioredoxin;
TrxR, Trx reductase.

1-Cys Prdx subgroup (Prdx6)

This Prdx has only the C, and it does not have Cg. In human, Prx6, in addition
to the Cp, contains other Cys residue at position 91. However, the function of this
cysteine has not been solved yet. The catalytic mechanism of these peroxiredoxin
upon exposure to H;O- is that Ce residue is oxidized and does not form a disulfide
because of unavailability of another reduced Cys-SH nearby (Figure 6). Prdx6 uses
GSH as a primary physiological reductant in the presence of GST-m instead of
thioredoxin for peroxidase activity®*. However, Prx1 from Saccharomyces cerevisiae
can use glutaredoxin (Grx2) 8. Yeast mitochondrial Prx1 can also use GSH as
resolving thiol in a very peculiar manner without being consumed during the catalytic
cycle and the reducing equivalents of a NAPDH provided by the mitochondrial Trx
system 86, Prdx6 is not able to form decamers & and it is localized predominantly in the

cytosol but also in other organelles such as lysosomes 88,

S hoy -C,SOH

SCs H,0 HOSC,-

.

GSHM-GST/Ascorbate

Figure 6. Reaction mechanism of human Prdx6. Figure adapted from Seo et al. &

In recent years, Prdx have been considered not only as antioxidant defense but
also as sensors and transducers of signaling by H-O». Because the thiol groups of the

effectors proteins have less affinity for HO, compared with the C, of Prdxs, there are
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several mechanisms that could be involved in peroxide signaling. In addition, there are
other enzymes that react with H,O, faster than the target protein, such as catalase and
glutathione peroxidase. The reversible inactivation of 2-Cys Prdx by hyperoxidation and
the local production of H.O, around lipid rafts are achieved by the closeness of the
target protein to the local activation of Noxs *°. This reversible inactivation seems to be
important for peroxide-mediated signaling and it has been labelled the ‘floodgate mode'
%1, Indeed, both the local concentration of H>O, and the inactivation of local H,O»-
eliminating enzymes are important to oxidize a target protein. Some of those target
proteins that are directly oxidized by H>O: are protein tyrosine phosphatases (PTPs)
such as PTEN, protein tyrosine kinases (PTKs) such as Src family members, AGC
protein kinases such as Akt, or transcription factors such as Activator Protein 1 (AP1)

and Nuclear Factor-kB (NF-kB) 092,

Hyperoxidation triggers the formation of high molecular weight forms of 2-Cys
Prdx which acquire a new function as chaperone . On the other hand, hyperoxidation
allows for the accumulation of H>O: for signaling purposes such as MAPK signaling
pathway which has been involved in cellular outcomes as diverse as proliferation,
survival, differentiation and death °2. An example of the inactivation of the signaling by
inactivation of Prdx is the hyperoxidized form of Prdx3 resulting from leaky cytochrome
p450 during the conversion of cholesterol to corticosterone that has a role in the
regulation of steroidogenesis. The inactivation of Prdx3 activates p38 mitogen-
activated protein kinase (MAPK) which leads to the inhibition of steroidogenesis °*.
Moreover, the Prdx3-SO;H and Srx in the mitochondria of adrenal gland have a
circadian oscillation as a conserved mechanism which is important to control the

circadian oscillation of corticosterone .

Another H.0; signaling mechanism consists in Prdx-mediated oxidation instead
of directly by H.O,. Oxidized Prdx forms a intermolecular disulfide with a bound effector
protein that then through reshuffling of Prdx would transmit the oxidized state to the
effector protein. In mammals, Prdx1 physically interact with apoptosis signaling kinase
1 (ASK1) resulting in ASK1-ASK1 oligomers and then ASK1 activation. Prdx1 also
catalyzed the oxidation of the multifunctional protein APE1/Ref-1. The same happens
with Prdx2 and the transcriptional factor STAT3 or the redox sensitive chaperone DJ-1
90929 Oxidized Prdx4 forms an intramolecular disulfide with protein disulfide
isomerase (PDI) which then allows PDI to transfer the disulfide bond to a target protein

in the ER for the correct folding of the protein °2.
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Last but not least, Prdx are involved in H2O- signaling by modulating the redox
state of thioredoxin which is responsible for the reduction of the Prdx disulfide. It has
been proposed that it is the oxidation of Trx that allows the target protein to be
oxidized. Recent studies carried out in Saccharomyces cerevisiase suggest that in
some cases the main role of Prdx may be regulating the redox state of Trx, rather than

eliminating H20, *°.

Prdx could regulate the redox state of signalling pathways proteins involved in
redox homeostasis and in the control of cellular physiological functions such as growth,
apoptosis, differentiation, embryonic development, lipid metabolism, and immune
response. Recently, Prdx have been linked to different pathologies as the development

of cancer and neurodegenerative and inflammatory diseases """,
3.4.1. Peroxiredoxin 6

Prdx6, the 'non-selenium glutathione peroxidase', is the unique member of the
Prdx family that belongs to the 1-Cys that not only has general peroxidase activity. This
enzyme also presents three lipid-related enzymatic activities associated with
phospholipids such as a) hydrolysis of the sn-2 fatty acyl bond of glycerophospholipids
to produce free fatty acids and a lysophospholipids, i.e., phospholipase A activity
(PLA2) 898 b) reduction of phospholipids hydroperoxides to the corresponding alcohol,
i.e., phospholipid hydroperoxide glutathione peroxidase activity (PHGPx) °°; and the
more recently discovered c) transfer of a fatty acyl CoA to the sn-2 position of
lysophosphatidylcholine (LPC), i.e., LPC acyl transferase (LPCAT) activity 1°. Hence,
Prdx6 is a true "moonlighting" protein. Its expression is mediated by Nrf2 via an

antioxidant response element-driven mechanism 02,

It is worth to note that Prdx6 is the only member of the peroxiredoxins family to
be able to reduce peroxidized phospholipids in the cell membrane %9192, Ser32 and
His26 residues of Prdx6 are essential for oxidized phospholipid binding °2. Both the
peroxidase and PLA; activities of Prdx6 can play an important role in the repair of
peroxidized phospholipids in cell membranes giving to Prdx6 the ability to protect cells

against oxidant stress 1%,

The catalytic center for PLA, activity of Prdx6 is formed by Ser32-His26-
Aspl40, a triad of amino acids commonly expressed in proteases and proteins with
PLA; activity 194, The triad Ser32-His26-Asp140 is at the protein surface while Cys47 of
peroxidase activity is located at the base of a shallow pocket (Figure 7). The distance

between Ser32 and Cys47 is ~ 28 A and there are few positively charged amino acids
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forming a groove between the two active sites %. PLA, activity is greater with
phosphatidylcholine (PC) as substrate than phosphatidylethanolamine and
phosphatidylglycerol and Prdx6 shows no preference for the sn-2 acyl group .

(>

His26 Asp140

(Cys91)

Figure 7. Ribbon of the model of Prdx6 3D structure with highlighted cysteine residues.
PDB:1prx

The subcellular localization of Prdx6 is important because PLA; activity is
optimal at pH 4 and peroxidase activity at pH 7-8 % and also at pH 4 the peroxidase
activity of Prdx6 is likely 2 orders of magnitude greater than the PLA; activity 1°¢. This
pH specificity for both enzymatic activities can be explained by the differential binding
kinetics of the Prdx6 10214 Prdx6 can be phosphorylated at Thr177 by mitogen-
activated protein kinase (MAPK; ERK or p38) activity increasing the PLA; activity both
at pH 4 and 7 without affecting its peroxidase activity. Thus, this suggests a
physiologically regulated system which allows Prdx6 to act either as peroxidase or
PLA:; at neutral pH under oxidative stress conditions 1°’. Furthermore, Prdx6 is targeted
to acidic organelles after binding to the 14-4-3¢ protein at a peptide (31-40 aa)
previously phosphorylated by MAPK; Ser32 is essential for this binding 10819,

Phosphorylation of Prdx6 also has a critical role in the activation of Nox2, a
protein of the Noxs family. Nox2 is the canonical Nox responsible for O, generation in
neutrophils to kill bacteria as well as playing an important role in normal cell signaling
during cell proliferation and cell migration among other processes °!. Phosphorylated

Prdx6 through PLA; activity is essential for translocation of Nox2 cytoplasmic

17



Introduction

components and activation of the enzyme complex in response to angiotensin Il (Ang
[I) or phorbol 12-myristate 13 -acetate in pulmonary microvascular endothelial cells
(PMVEC). However, it is unknown which product of PLA; activity is responsible for
Nox2 activation °, The PLA; activity is also regulated by p67°"°%, a component of the
Nox2 activation cascade that binds to phosphorylated Prdx6 and inhibits its PLA:
activity 1. In addition to Nox2, Prdx6 has been shown to bind to the SH3 domains of
Nox activator 1 (Noxal), a Nox1-supportive components, and co-stabilize it, activating
Nox1 oxidase activity. Both peroxidase and PLA; activities support the Nox1-mediated
migration of colon epithelial cells. However, it seems that the mechanism that regulates
Nox1 and Nox2 are different 2, The role of Prdx6 in the activation of Noxs denotes
that Prdx6 acts at the same time as pro-oxidant, activating Nox1 and Nox2 that play an
essential role in cell signaling, or anti-oxidant by peroxidase activity preventing the

damage caused by oxidative stress.

Phospholipids are the major constituents of cell membranes and hydroperoxids
phospholipids generated in response to oxidative stress alter the physicochemical
properties of membranes, resulting in cellular dysfunction 3. A study carried out in
Prdx6 /- mice indicated that PLA; activity plays an important role in the synthesis via
deacylation/recyclation pathway and in the degradation of internalized dipalmitoyl
phosphatidylcholine (DPPC), the major phospholipid component of lung surfactant,
involving Prdx6 in both the degradation and the remodelling of lung surfactant

phospholipids 114-116,

The peroxidase activity is not the main mechanism for Prdx6 antioxidant
function, the PLA: activity also plays an important role in protecting cells against
oxidative stress as well as cell membrane repair. Peroxidation of cell membrane
phospholipids is one of the major indicators of oxidative stress that can result in cell
death. This damage can be reversed through peroxidase activity or hydrolysis of the
phospholipid fatty acyl bond (PLA. activity) followed by reacylation with a reduced fatty
acyl CoA (LPCAT activity) but both activities are necessary for the maximal rate of
recovery. Therefore, both peroxidase activity and PLA; and LPCAT activities of Prdx6
are responsible for repairing peroxidized membrane phospholipids, a process essential

for cell survival 193.117.118

Prdx6 not only has physiological functions in normal cells but also its

overexpression has been demonstrated to be involved in some pathologies such as
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CNS neurodegenerative diseases (Parkinson's disease!'®!?® and Alzheimer's

disease'?), diabetes 1?2, male infertility 123124, and cancer 1.

3.5. Thiol disfulfide reductases

This enzymatic antioxidant family covers those systems that react with
reversibly oxidized thiol groups of proteins. They are thioredoxin/thioredoxin reductase
system (Trx/TrxR system), glutathione/glutaredoxin/glutathion reductase system
(GSH/Grx/GR system), sulfiredoxin, methionine sulfoxide reductase and S-

nitrosoglutathione reductase.

3.5.1 Trx/TrxR system

The thioredoxin system consists of redox-active thioredoxin (Trx), thioredoxin
reductase (TrxR) and NADPH and was discovered as the electron/hydrogen donor for
ribonucleotide reductase (RNR) %, Trx (~12 kDa) is a small thiol-disulfide
oxidoreductase expressed ubiquitously in all organisms and it is essential for
embryonic development 127128, Two distinct Trx systems exist in mammals: Trx1/TrxR1
which constitutes the cytosolic system but also can be translocated into the nucleus or
can be exported and acts as cytokine or chemokine, and Trx2/TrxR2 system located in
the mitochondria. In addition, a third testis-specific TrxR3 exists that is expressed in
germ cells and is known as thioredoxin glutathione reductase (TGR) 913l The
expression of Trx1 is regulated both by nuclear factor E2-related factor 2 (Nrf2) 132,

All members of Trx of all organisms share the same overall 3D structure called
“Trx-fold” which consists of three a-helices surrounding a central core of a four-
stranded B-sheet. The conserved motif Cys-X-X-Cys of the active site, located on the
exterior, promotes the electron and disulfide exchange between Trx and their
substrates. In mammals, the active site of Trx contains the motif Cys-Gly-Pro-Cys
which is highly conserved . The first step of the catalytic mechanism consists of a
nucleophilic attack on a target disulfide by the N-terminal active site thiol, which has a
low pKa, resulting in the formation of a transient covalently bound mixed disulfide. In the
second step, the mixed disulfide is reduced by the C-terminal active site thiol yielding
the reduced target and oxidized Trx. Lastly, the disulfide in the active site of Trx is
reduced by TrxR using the electrons provided by NADPH (Figure 8). Because of the

low redox potential of its active site dithiol, catalysis of the reaction by Trx is
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thermodynamically more favourable than that catalyzed by GSH. For this reason, Trx

becomes the major disulfide reductant in the cytosol 130:131.134-136

3
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Figure 8. Reaction mechanism of human thioredoxin. Figured adapted from Arnér &
Holmgren %31, Trx, Thioredoxin; TrxR, Thioredoxin reductase.

Unlike the rest of organisms, the three mammalian TrxR are selenoproteins with
flavin adenine dinucleotide (FAD) and NADPH binding domains. Mammalian TrxR has
the conserved Gly-Cys-SelenoCys-Gly motif at C-terminal as a catalytic active site that
is essential to reduce Trx and other substrates. TrxR is a homodimeric protein and both
subunits are essential to build the electron transfer pathway from NADPH to Trx during
a single catalytic cycle. Due to TrxR enzymes ability to reduce a wide range of
substrates, these could be divided into two groups: i) substrates that may be reduced
by the easily accessible active site of the enzyme such as Grx2 and protein disulfide
isomerase (PDI), and ii) some low molecular weight antioxidants (LMWA) that can be
reduced directly by the FAD motif at the N-terminal domain of the enzyme such as
dehydroascorbate. TrxR are not only important as antioxidant defense systems but
also as regulators of redox-sensitive cell signaling pathways. TrxR are related with
some pathologies as male infertility, cataract, Alzheimer's disease and cancer 37138,
TrxR1 is overexpressed in multiple types of cancer so specifically inhibiting TrxR1

could be a good anticancer therapy 39140,

The reductase activity of Trx1 is inhibited by the Trx interacting protein (TXNIP),
also called Trx-binding protein-2 (TBP-2), which interacts with the active center of Trx1
through the formation of a disulfide bond between the Cys32 in Trx1 and Cys247 in

TXNIP 41143 TXNIP, together with importin a1, mediates the nuclear import of Trx1
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144,145 In addition to inhibiting Trx1, TXNIP is a multifunctional protein that regulates

lipids and glucose metabolism, inflammation and tumorigenesis 4.

Nitric oxide patrticipates in cellular signal transduction through reversible S-
nitrosation of the thiol group of Cys, forming S-nitroso-proteins (SNO-proteins). S-
nitrosation results from three different reactions: nitric oxide-derived species, such as
N2Os, by oxidation of SNO radical anion (RSNO-) or by the transfer of the NO group
from an S- nitrosothiol (SNO) to an acceptor Cys thiol known as S-transnitrosation. The
selectivity of S-nitrosation is achieved in part by a high degree of spacetime accuracy
and by the existence of a hydrophobic motif characterized by aromatic residues.
Transnitrosases are SNO-proteins that transfer its NO group to an acceptor protein 47,

The two enzymatic systems that denitrosate in physiological contexts are the
Trx/Trx system and GSH/GSNO reductase. S-nitrosoglutathione (GSNO) represents
the principal low-molecular-weight SNO in cells. Its levels are regulated by GSNO
reductase (GSNOR) and it reacts with reduced Cys thiol to form SNO-proteins and
GSH. GSNO reductase does not directly denitrosate SNO proteins, but as the GSNO
pool is in equilibrium with protein thiols, reduction of GSNO by GSNOR indirectly

results in protein denitrosation 148149,

The Trx/TrxR system catalyzes both transnitrosation and denitrosation of Cys
thiol 7. In addition to the catalytic cysteines, Trx1 contains three extra Cys residues
(Cys62, Cys69, and Cys73) (Figure 9). Cys73 is physiologically S-nitrosated and it is
able to transnitrosate the caspase-3 protein forming SNO-caspase-3, which leads to
inhibition of its activity *°. A number of studies report on targets of Trx1-mediated
transnitrosation or denitrosation, including Prx1 %152 Nitrosation of Cys73 of Trx is
favoured after the formation of a disulfide between Cys32-Cys35 that is responsible to
attenuate the Trx1 disulfide reductase and denitrosase activities ***. On the other hand,
Trx/TrxR system is the major SNO-protein denitrosase of a wide spectrum of nitrosated
proteins that is present in all living organisms *°31%4 Trx1 catalyzes the direct
desnitrosation of SNO-protein through the formation of a mixed disulfide intermediate
between Cys32 and Cys35 of Trx and the target protein 48155, Trx1 catalyzes
desnitrosation of Caspase-3 #¢. NOS3 (or eNOS) itself is also a target of Trx1 leading
to activation of the enzyme as part of a regulatory mechanism of NOS3 by reversible
auto-S-nitrosation %5'%. Thus, as the principal regulator of redox signaling, under
physiological conditions, Trx1 protects against oxidative damage via reductase activity,
but under oxidative stress, the oxidized Cys32-Cys35 accumulates and Cys73

becomes S-nitrosated. In this way, Trx1 offers an alternative modality of protein
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regulation via transnitrosation !, So depending on the redox state of the cell, Trx1

catalyzes either trans-S-nitrositation or S-denitrositation.

Due to the variety of substrates, Trx1 is involved in signaling pathways such as
cell growth, proliferation and apoptosis, transcriptional regulation and the most widely
studied, disulfide reduction of oxidized proteins to maintain the redox balance and
facilitating the reduction of H,O;, by supporting peroxidase actions of peroxiredoxins.
Trx1 supports the peroxiredoxin family in the reduction of hydrogen and lipid peroxides

through the reduction of oxidized Prdxs 136152,

Figure 9. Ribbon of the model of Trx1 3D structure with highlighted cysteine residues.
PDB:4rqr

The phosphatase PTEN is the terminator of the Akt signaling pathway that is
important for cell proliferation, growth, and survival. Cy32 of Trx1 directly interacts with
Cys212 of the C2 domain of PTEN and inhibits its phosphatase activity leading to
activation of the Akt pathway and eventually resulting in cell proliferation **’. Another
process regulated by Trx1 is apoptosis. Under physiological conditions, reduced Trx is
binding to ASK1, inhibiting apoptosis. However, when ROS levels increase, Trx1 is
oxidized leading the dissociation of the complex and activation of apoptosis signal
cascade 815 Apoptosis is also redox-regulated through modulation of caspases
whose activity depends on modifications in the thiol state of their active site such as S-
nitrosation. As described above, Trx1 catalyzes the denitrosation by means of its

canonical active site dithiol *¢ or trans-nitrosation from Cys73-SNO 1%,
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The DNA-binding activity of several transcription factors has been shown to be
modulated post-translationally by redox changes in cysteine residues 6°-162 Trx1
regulates the activity of the tumor suppressor protein p53, NF-kB, and AP-1. NF-kB
controls many biological processes including cell survival, proliferation, immunity, and
inflammation 13, In the cytosol, NF-kB activation is inhibited by reduced Trx1 but under
oxidative conditions, Trx1 is translocated to the nucleus and enhances the DNA-
binding activity of NF-kB through the reduction of the essential Cys62 64165, As with the
activation of NF-kB, AP-1 is redox-regulated by Trx1 and the Redox Effector Factor 1
(Ref-1). AP-1 is a complex formed by c-FOS, c-Jun and ATF sub-families which is
involved in a wide range of cellular processes as cellular proliferation, death, survival
and differentiation %6, After exposure to IR, reduced Trx1 interacts with Ref-1 in the
nucleus and enhancing the AP-1 DNA binding activity 67-1°. The same happens with

p53, Trx1 and Ref-1 enhanced p53 expression 17,

3.5.2. GSH/Grx/GR system

The glutaredoxin system consists of glutathione (GSH), glutaredoxin (Grx) and
NADPH-dependent glutathione reductase (GR). The Grx was discovered by Arne
Holmgren in 1976 as an alternative electron donor for RNR in E.coli. Grx was then
characterized as GSH-dependent oxidoreductase 171173,

Structurally, Grxs belong to the Trx-fold family of proteins. Trx and Grx share a
common structural motif which consists of a four-stranded B-sheet surrounded by three
a-helices and a similar active site motif located on the loop connecting 3-sheet 1 and a-
helix 1 and a cis-Pro residue **. Human Grx contains two additional a-helices ™.
However, Grx displays two unique structural features: an active site environment that
gives the advantage to be attacked by GSH and a hydrophobic surface area that
allows it to interact with protein substrates (Figure 10) 1/¢17’, Grx are, depending on the
number of active site Cys residues, classified into dithiol (Cys-Pro-Tyr-Cys) and
monothiol (Cys-Gly-Phe-Ser) enzymes which are able to bind and use GSH as
substrate despite its lack of the second active site cysteine. Grx are versatile
oxidoreductase able to reduce a variety of substrates as protein disulfides, mixed
disulfides as in protein deglutathionylation and at least one compound devoid of thiol

groups such as ascorbate.
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Figure 10. Ribbon of the model of Grx1 3D structure with highlighted cysteine residues.
PDB:lert

Similar to Trx, Grx catalyze the reversible reduction of protein disulfides through
the dithiol mechanism which utilizes both cysteine residues in their active site and then
the oxidized Grx is reduced by GSH and glutathione reductase (GR) using NADPH as
electron donor. In the first step, the target disulfide is nucleophilically attacked by the
more N-terminal Cys residue and then the disulfide intermediate formed between the
two proteins is attacked by the second active site thiolate. The resulting disulfide in the
active site is reduced by one molecule of GSH and the mixed disulfide form is
subsequently reduced by a second GSH. Grx catalyze deglutathionylation of proteins
(Proteins-SSG) usually through a monothiol mechanism in which the second Cys of the
active site, if present, does not participate. Regardless the mechanism, the resulting
glutathione disulfide (GSSG) is regenerated by glutathione reductase (GR) using
NADPH (Figure 11) 130131174178 Both NADPH-dependent thioredoxin reductase and
glutathione reductase, besides providing reducing power for production of DNA
precursors by RNR, are responsible for recycling the Trx and Grx systems in a way that
maintains redox homeostasis, preventing and repairing oxidative stress as well as

regulating cell signaling 7.
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Figure 11. Reaction mechanism of human Grx1. Figured adapted from Arnér & Holmgren 131,
GSH, reduced glutathione; GSSG, oxidized glutathione.

A plethora of Grx are coded for in plant genomes 8, but in mammals, four Grxs
have been described: Grxl and Grx2 as dithiol, and Grx3 (also known as protein
interacting cousin of Trx, PICOT) and Grx5 as monothiol 3. Grx1 is mainly localized in
the cytosol, but it can be translocated to the nucleus, exported from the cell and in the
intermembrane space of mitochondria 174181, Grx2 is located in the mitochondria and in
the cytoplasm and nucleus of testes and in a number of tumor cells '#. Grx3 is present

in the nucleus and cytoplasm while Grx5 is found in mitochondria *32.

Grx1 is involved in multicellular processes as protein disulfide reduction such as
ribonucleotide reductase ® and post-translational modification of proteins by S-
glutathionylation with a role mainly as a deglutathionylase 4%, Protein S-
glutationylation is a post-translational modification of specific Cys residues regulating
the normal function of proteins with an important role in redox signaling. S-
glutationylation may be enzymatic catalyzed by glutathione transferases such as
glutathione s-transferase T 1%, but it is mainly a spontaneous consisting of the
reversible formation of a protein mixed disulfide with GSH (Protein-SSG). It exists
several mechanisms of protein-SSG formation: i) the thiol-disulfide exchange with
GSSG but it is an unlikely mechanism of protein S-glutationylation since the required
very low GSH/GSSG ratio is unlikely under physiological conditions; ii) the sulfenic acid
(-SOH) formed at sensitive protein Cys after oxidation by ROS/RNS reacts quickly with
GSH to form protein-SGG; and iii) by consumption of glutathione thiyl radicals (GS);
and iv) by reaction with GSNO. S-glutationylation modifies key proteins that belong to
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several functional categories such as redox homeostasis, protein folding and
degradation, Glycolysis, energy sensing, insulin signaling, calcium homeostasis, the
cytoskeleton, apoptosis and transcriptional regulation 184.187-189,

The GSH/Grx/GR system catalyzes reversible deglutathionylation of protein-
SSG both through dithiol and monothiol mechanisms; however, the monothiol
mechanism is prevalent. The N-terminal active site cysteinyl residue of Grx forms a
GSH-mixed disulfide intermediate. Thus, the target protein is reduced and the Grx-SSG
formed is reduced by GSH to produce GSSG as a product 1.

Grx1 regulates apoptosis via MAPK, ASK1 and caspase-3 just like Trx1.
Reduced Grx1 binds to ASK1 inhibiting its kinase activity but oxidation of Grx1 results
in dissociation of the complex and therefore in the activation of ASK1 protein kinase
activating JNK1- and p38-dependent signal pathways 1. There is a crosstalk between
protein S-glutathionylation and S-nitrosation. Caspase-3 is also susceptible to inhibition
by glutathionylation, and this is regulated by Grx1 °2. The same happens with NOS3,
Grx1 regulates its activity by deglutathionylation . Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) ** and protein tyrosine phosphatase 1B (PTP1B) ! also
targets proteins of Grx1 deglutathionylase activity. Recently, other targets of the Grx1
deglutathionylase activity have been found, such as IL-1B 1%, DJ-1 and HSP60 7.

3.5.3. Methionine sulfoxide reductase (Msr)

The amino acid methionine, like cysteine, is also a target ROS can be oxidized
to methionine sulfoxide (MetO) forming two enantiomers: S-MetO and R-MetO. This
oxidation is reversed by the methionine sulfoxide reductases (Msr) and Trx/TrxR
system that can catalyze the reduction of free and protein-bound MetO 1%, The Msr
system consists of two major proteins, MsrA and MsrB, that can reduce both
enantiomers. In human, MsrA enzyme can be found in two isoforms: one form that can
be transported to the mitochondria and another form that is located in the cytosol. MsrB
proteins (selenoprotein (MsrB1) and the other two non-selenoproteins (MsrB2 and
MsrB3), could be targeted to different subcellular compartments. Due to their action,
Msr enzymes are involved in regulation of protein function, in signal-transduction
pathways, and preventing cellular accumulation of faulty proteins. Msr system failures
can promote oxidative damage and neurodegenerative diseases as well as shorter life

span 1%,
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3.5.4. Sulfiredoxin (Srx)

Sulfiredoxin (Srx) is a recently discovered member of the oxidoreductases
family that catalyzes the reduction of the cysteine sulfinic acid (hyperoxidation) of the 2-
Cys peroxiredoxins enzymes back to their stable thiol state using ATP and magnesium
200 Therefore, the inactivation of Prdx caused by the increased in hydrogen peroxide
as an intracellular cell signaling agent is reversed by Srx 2%, Another important
possible function of Srx is the deglutathiolylation of proteins such as peroxiredoxin,
actin and protein tyrosine phosphatase 1B 2°2, Srx is mainly located in the cytosol but it
gets translocated to the mitochondria during an oxidative stress 2%,

3.5.5 S-nitrosoglutathione reductase (GSNOR)

Human S-nitrosoglutathione reductase (GSNOR) or ADH5, belongs to alcohol
dehydrogenase (ADH) family. It is the unique member of the family that not only use
short-chain alcohols as the main substrate but also GSNO and S-
hydroxymethylglutathione. GSNOR regulates the levels of intracellular NO+ available by
catalyzing the breakdown of GSNO so indirectly regulates protein-S-nitration. It is
located to the nucleus and cytoplasm and functions as a homodimer %4, It has been
demonstrated that GSNOR deficiency together with defective DNA repair promote

hepatocarcinoma carcinogenesis 2%.
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4. Redox homeostasis, redox signaling and cancer

Redox homeostasis, that is, the correct balance between the levels of
ROS/RNS and antioxidant systems is essential for the proper functioning of cells. A
wide variety of stimuli by different signal molecules (growth factors, cytokines and G-
protein-coupled receptors) have been described which generate H,O;, which can have
a dual role, either in signaling or in oxidative stress 2%. In addition, a large number of
kinases, phosphatases or transcription factors involved in signaling are regulated by
their redox state. This will affect key cellular processes such as proliferation,
differentiation or death.

In humans, oxidative stress has been linked to a wide variety of serious
diseases, such as neurodegenerative disorders, atherosclerosis, hypertension,
inflammatory disease, immune system dysfunctions, type 2 diabetes, aging and cancer
1665207208 The central nervous system (CNS) is particularly susceptible to oxidation
due to the high lipid content and consumption of oxygen, and low levels of antioxidant
enzymes. The hippocampus, subtantia nigra and striatum are region of the brain that
may attack by free radicals. So the oxidative stress is involved in neurodegenerative
diseases as Alzheimer's and Parkinson's °. Type 2 diabetes is characterized by an
altered production of ROS. The main source of ROS seems to be the mitochondria,
whose morphology is altered resulting in mitochondrial dysfunction. The relationship
between insulin resistance and constitutive ROS production is attributed to alterations

in signaling pathways such as JNK pathway 4.

This doctoral thesis has focused on cancer, oxidative/nitrosative stress and the
role of redoxins. Specifically, a model of human hepatocarcinoma, HepG2 cell line has
been studied. Hepatocarcinoma (HCC) is the most common liver malignancy and is
one of the leading causes of cancer death in the world. It represents 80% of the
primary hepatic neoplasm that appears mainly in a context of chronic liver cirrosis. It is
the sixth most frequent neoplasm, the third cause of cancer death, and 7% of
registered malignancies 2%°. Gene mutations that encode signaling proteins that
regulate cell division and cell death are those that transform a normal cell into tumor
cells. Although in patients with hepatocarcinoma, the main prevalent genetic mutations
are related to telomerase signaling, Wnt-B-catenin, PI3/Akt/mTOR, p53 and MAPK,

alterations in redox regulatory mechanisms are also observed 2°,
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Cancer cells are characterized by the production of high levels of ROS due to
hypoxia-inducible factor 1 (HIF-1), enhanced metabolic activity, mitochondrial
dysfunction, oncogene and tumor suppressor activities, activation of Nox, etc.
Moreover, the tendency of cancer cells to undergo major changes in their own
metabolism (Warburg metabolic reprogramming), such as increased activity in aerobic
glycolisis and deregulation of lipid metabolism is also partly modulated by oxidative
stress. It has been shown that there is a relationship between oncogenes signaling and
oxidative stress (eg., activation of Ras increases ROS levels produced by oxidative
phosphorylation that is essential for proliferation) 21214, However, cancer cells
proliferate despite the elevated ROS production thanks to the induction of antioxidant

defenses 215,

Hanahan and Weinberg originally described six mutation-driven acquired
competencies that a tumor cell needs 26, Ten years later, they have updated the list of
hallmarks, and each of them is related to alterations in signaling transduction 2. Many
signaling pathways that are involved in tumor development, progression and
malignancy such as cellular proliferation, evasion of apoptosis or anoikis, tissue
invasion and metastasis and angiogenesis are redox-sensitive 2’. A number of
signaling proteins that undergo redox changes are targets of redoxins, including Trx1
and Grx1. In addition, it has been shown that Trx1 and TrxR1 are often overexpressed
in tumor cells and that high Trx1 could be linked to drug resistance during cancer

treatment 28,

4.1. Redox signaling pathways involved in carcinogenesis

In cancer cells, high rate of proliferation and evasion of apoptosis depends on
the constitutive activation of redox-sensitive signal-transduction at the level of kinases
such as MAPK family and PI3K/Akt, phosphatases as PTPB1, PPA2 and PTEN or
some redox-sensitive transcription factor as NF-kB, Nrf2 and STAT. ROS activates the
members of MAPK family including ERK1/2, JNK, and p38 promoting proliferation,
migration, and invasion in HCC 2!°. Hepatocyte growth factor (HGF) induced H;O-
generation and JNK phosphorylation in HCC 2%°. This MAPK activation requires the
oxidation and inactivation of several PTPs that dephosphorylate MAPKSs including
oxidation in the active site Cys215 of PTPB1 2% which is reduced by Trxl 222,
Moreover, Grx1 also regulates Cys215 of PTPBL1 via glutathionylation *°°. On the other
hand, activities of JNK and p38 are regulated by the upstream ASK1l. ASK1 plays
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important role in tumorigenesis by regulating apoptosis and inflammation 223224 and the

association with Trx1 %9225 and Grx1 %! regulates its activity.

ROS induce also PI3K/Akt signaling which contributes to tumorigenesis and
facilitates the invasion and metastasis by promoting matrix metalloproteinase-9 (MMP-
9) secretion 225, Akt, also called protein kinase B (PKB) can be inactivated by protein
phosphatase 2 (PP2A) dephosphorylation when Akt is in its oxidized form which
suggests that Akt is a redox-regulated protein. It has been shown that Grx1 prevented
Akt from forming a specific disulfide bond between Cys297 and Cys311 and
suppressed its association with PP2A under oxidative stress ?2’. ROS-Akt signaling is
activated by inactivation of PTEN through sulfenylation at Cys124 followed by Cys71-
Cys124 disulfide bonding that is reverted by Trxl 22, Therefore, ROS mediate
hyperactivation of PI3K/Akt signaling that results in promotion of tumor cell survival,
apoptosis inhibition and resistance to chemotherapy #?°. Regarding apoptosis, there is
a relationship with the level of redoxins. As described before, Trx/TrxR system
catalyzes the denitrosation of caspase-3 thus showing an anti-apoptotic action. Some
experimental data suggested that Trx/TrxR system also participates in the denitrosation
of SNO-caspase-9 and the reductive reactivation of caspase-8 2%°. NO" production has
an important role in the regulation of the carcinogenic process. For instance, S-
nitrosation of some proteins, such as CD95, stimulates apoptosis whereas S-
nitrosation of other proteins, such as caspases and Bcl-2, inhibits apoptosis 23, In
addition, NO" stimulates the proliferation of tumor cells through PI3K/Akt signaling
activation by nitrosation of Ras Cys118 22, In HepG2 cells, overexpression of NOS3
has antiproliferative effect 233, NF-kB is a redox-sensitive transcription factor that plays
an important role in regulating gene expression involved in cell survival, proliferation,
immunity, and inflammation %3, ROS can regulate NF-kB activity. As described above,
DNA-binding activity of NF-kB is regulated by Trx1 415 In cancer cells, NF-kB
activates the expression of many genes involved in cell transformation, proliferation,
and angiogenesis 234, It has been described that ROS production and NF-kB activation

promote hepatocellular carcinoma progression 2%,

Despite the high production of ROS, cancer cells proliferate thanks to the
induction of antioxidant defense expression such as Trx and proteins that regulate
GSH levels through the activation of the transcription factor Nrf2 2'°, the major driver of
redox-sensitive gene expression. In the cytoplasm, Kelch-like ECH-as-associating
protein 1 (Keapl) interacts with Nrf2 inhibiting its activity. Under oxidative conditions,

Keapl is oxidized and dissociates from Nrf2 allowing its activation ®. The redox state
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of Cys273 and Cys 288 of Keapl seem to be critical for the ubiquitination-promoting

activity 2%,

STAT3 is a transcription factor that promotes cell survival and proliferation and
is constitutively activated in human cancer cell lines. STAT3 is activated by tyrosine
phosphorylation and then dimerized and translocated into the nucleus, where together
with other transcription factors activates the expression of latent genes. Constitutive
phosphorylation of STAT3 causes important changes in apoptosis, angiogenesis,
invasion, migration and proliferation resulting in malignant transformation in cancer
cells %7, Tyrosine phosphorylation of STAT3 is regulated by ROS and itself also
influences ROS production. It has been described that STAT3 transcriptional activity
depends on its thiol state, which is influenced by H,O, and Prx2 levels and by the
thioredoxin system activity 2%, These authors have found that inhibition of TrxR
increased STAT3 oxidation and as a consequence decreased its activity. In this
oxidation state of STAT3 they have observed the formation of Trx1-STAT3 disulfide
exchange intermediates, suggesting that Trx1 may be a direct mediator of STAT3
disulfide reduction. Prdx6 also promoted growth of lung tumors in mice through
activation of JAK2/STATS signaling 2*°. The role of Prdx6 is cancer is controversial and
it has not been much related to cell signaling. Both, peroxidase and PLA: activities of
Prdx6 were required for tumor development in xenografted mice lung in a process
dependent on arachidonic acid (AA) release 2%°. AA production and Nox2 activation
was also involved in stimulation of metastasis by Prdx6 PLA; activity in several cancer
models 240241 although in another study Nox2 activation was shown to proceed by

Prdx6 mediated lysophosphatidic acid (LPA) receptor activation 242,

4.2. Impact of redox modulation of protein function on cell metabolism in HCC

The activation of oncogenes and the inactivation of tumor suppressors cause a
reprogramming in the metabolism of a tumor cell 2*3. Cancer cells are characterized by
having a high rate of aerobic glycolysis that they use to generate ATP in the presence
of oxygen, which is known as the Warburg effect. Tumor cells redirect glucose to the
pentose phosphate pathway (PPP) to generate NADPH, and macromolecules such as
non-essential amino acids, nucleotides and fatty acids that are necessary to cope with
the high proliferation rate 2*4245, Glucose can also be used to produce ATP and lactate

thus maintaining the NAD/NADH ratio, which contributes to tumor progression 246, The
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tricarboxylic acid cycle (TCA) is still active in tumor cells but depends primarily on
glutamine metabolism, which replenishes the TCA intermediates. Cancer cells, instead
of using TCA for the synthesis of ATP, prefer the intermediates for the production of
NADPH and to support fatty acid synthesis in hypoxia or under downregulation of
oxidative phosphorylation 247,

The increase in the metabolism of a tumor cell is usually related to an increase
in ROS. However, tumor cells adapt to acquire resistance to oxidative stress so that
they can increase their metabolism and proliferation rate without suffering oxidative
damage 2°’. The tumor cell uses, in addition to the PPP 248 the folate 2*° and malic
enzyme pathways 2°” to generate NADPH, a cofactor that is necessary in the
biosynthetic pathways and to maintain reduced levels of GSH 2°°. The diversion of
glucose to PPPs, glycerol and serine pathways is determined in part by the activity of
pyruvate kinase 2 (PKM2) and glyceraldehyde-3-phosphate dehydrogesase (GAPDH)
which are redox-regulated enzymes. PKM2 is an isoform of pyruvate kinase expressed
in tumor cells, whose Cys358 can be reversibly oxidized when ROS levels are
elevated, inactivating the enzyme and lowering the production of the end product
pyruvate. This closing of the exit of glycolytic flux induces the accumulation of
intermediates upstream stimulating its diversion at 3-phophoglycerate (SPGA) towards
Serine, glycine, the folate cycle, which is another source of NADPH, and eventually
towards glutathione biosynthesis 2°1. As with PKM2, reversible oxidation of Cys152 of
GADPH results in enzyme inactivation allowing for diversion of dihydroxyacetone-
phosphate (DHAP) towards glycerol for phospholipid biosynthesis, and diversion of
triose phosphate and hexose phosphate via PPP towards NADPH and ribose for
nucleotide biosynthesis. Moreover, GADPH can be S-glutathionylated and reduced by
Grx1 . NO- also regulates the activity of several metabolic enzymes by S-nitrosation
such as aconitase (ACO) 2°2, isocitrate dehydrogenase (IDH) and a-ketoglutarate
dehydrogenase (a-KGDH) 22 that are reversibly denitrosated by Trx1. In addition, S-
nitrosation of Cys247 of GAPDH and its reversion by Trx1 stimulates apoptosis #3L.

Redox modulation of these two enzymes, GAPDH and PKM2, and the
consequences in the glycolytic and lateral fluxes are well documented, but the
responsibility of flux control does not rely exclusively on them. Other glycolytic
enzymes are also sensitive to redox changes at specific cysteines with effects on their
activity and also contribute to connect redox status with flux control like
phosphoglycerate mutase (PGAM) %* and Triose phosphate isomerase 2°°2%,
Changes in the activity of one single enzyme cannot be extrapolated to equivalent

changes in metabolic flux through the whole pathway.
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4.3. Redox involvement in HCC progression to invasiveness and metastasis

Epithelial-mesenchymal transition (EMT) is an important process that happens
in normal development in which epithelial cells lose many of their properties to become
mesenchymal cells, which means important changes in architecture and behavior 27,
This de-differentiation process also takes place in tumor cells and constitutes the first

step towards metastasis as the disease progresses.

There are several ROS-associated signaling pathways involved in EMT. Among
these pathways, there are ROS-dependent activation proteins such as Smad, Snalil, E-
Cadherin, B-catenin and matrix metalloproteinases (MMPs). Transforming Growth
Factor-B (TGFB) provokes an increase in the production of ROS that results in the
phosphorylation of Smad2, p38MAPK and ERK 1/2 2°8, In addition, ROS may regulate
EMT through a mechanism that involves NF-kB in closed collaboration with HIF-1 and
cyclooxygenase-2 (COX-2). A critical molecular event of EMT is down-regulation of the
cell adhesion molecule E-cadherin and its replacement by N-cadherin. E-cadherin is
present in the plasma membrane of normal epithelial cells but not in mesenchymal
cells %9, it acts as a suppressor factor of invasion and metastasis in tumor cells and it is
usually degraded during transformation or malignancy 2. It has been described by
several authors that the activation of Akt leads to a significant reduction in E-cadherin
expression and nuclear localization of Snail, suggesting a role for the PI3K/Akt
signaling pathway in the transient shift from E-cadherin to N-cadherin, and EMT
progression in cancer 2921 The hyperactivation of PI3K/Akt signaling by mediated by
ROS has been described previously and its relationship with tumor cell survival,
apoptosis inhibition and resistance to chemotherapy 22°. In fact, the activation of Akt is
thought to be responsible for mediating the acquired resistance to sorafenib via mTOR
but independent of protein phosphatase 2A in hepatocarcinoma cells 2°2. Sorafenib
simultaneously targets tyrosine kinase receptors such as vascular endothelial growth
factor receptor (VEGFR) 2 and 3, platelet- derived growth factor receptor-g (PDGFR-
B), FIt3 and c-Kit, as well as molecular components of the MAPK signaling pathway 262,
Several studies have reported Sorafenib downregulates cell survival pathways and
increase apoptosis in hepatoma cells and these effects have been associated with the
induction of oxidative stress in hepatocarcinma cells 2%4. Sorafenib is the recommended
therapy for the patients with locally advanced/metastatic disease but the effectiveness
is not high and tumor cells become resistant as its invasive capacity and mallignity
progresses. It is important to consider the adaptations that occur in this process similar
to EMT. JAK/STAT3 has also been related to EMT and cancer progression %7, It has
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been observed that STAT3 activation is involved in EMT, invasion and generation of
metastasis in hepatocellular carcinoma (HCC) 2%. Trx1 expression in cancer cells is
associated with aggressive tumor growth, which makes Trx1 an attractive target for
cancer therapy. Although Trx1 has been suggested as potential prognostic marker of
HCC, the mechanism of Trx in the pathogenesis and treatment of HCC is still not well

known 266,
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Hypothesis

Hypothesis

Redox signaling and oxidative damage are balanced in the cell.
Oxidative/nitrosative stress is critical for the accumulation of intracellular altered
proteins, induction of autophagy, and further cellular apoptosis in unsolved
physiopathological intracellular outcome while redox signaling through the transient
oxidation/reduction of key Cys residues in regulatory proteins plays a role in all
hallmarks of cancer.

Nitric oxide (NO) is a signaling molecule that is produced in cells by the action
of nitric oxide synthases in response to various stimuli and that generates nitrosative
and oxidative stress with consequences on cell proliferation and death. Most of the
effects of NO are produced by reversible S-nitrosation and other types of oxidations of
sensitive cysteines in key proteins of metabolic and cell signaling pathways, with
consequences on the function of these target proteins. The reversal of these oxidations
is carried out by the "Redoxin" family of proteins, that play a role in antioxidant defense
and redox signaling. There are several studies that link ROS/RNS with the redoxins,
thioredoxin, glutarredoxin and peroxiredoxin, and the process of regulated cell death
and cell proliferation.

This project aims to demonstrate that redoxins exert their role acting on
metabolic fluxes by controlling the redox state of metabolic enzymes and on proteins

involved in signaling pathways.

The hypothesis will be tested in various models of cellular cytotoxicity and
experimental hepatocarcinogenesis and in a model of apoptosis induction in
hepatocarcinoma cells (HepG2) with elevated levels of NO due to overexpression of
NOS3, as well as with reduced levels of the different redoxins by gene silencing.
Determination of proliferation and cell death parameters; measurement of the activation
status of various signaling pathways (AKT, mTOR, etc.); analysis of the Redox
Proteome, the metabolome and the main metabolic fluxes of these cells will be also

carried out.

The data obtained are intended to demonstrate the potential beneficial effect
of NO as a pro-apoptotic or anti-tumor agent, and the role of redoxins in the resistance
of tumor cells against this effect. The obtained results will contribute to the knowledge

of redox posttranslational modification (PTM) mechanisms that participate in an
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integrated manner with other PTMs in the regulation of cell metabolism, proliferation
and death. The effect of Trx on the resistance of cells to treatment with Sorafenib (a
drug that is administered to patients with hepatocarcinoma) as a function of the
invasiveness and malignancy potential will be tested using a set of cell lines with
different degrees of differentiation (HepG2, SNU423 and SNUA475) treated with the
drug and with interfering RNA of Trx1.

The results are reported in three articles and are expected to provide new

insights for the design of antitumor therapies.
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Objectives

Objectives

The aim of this PhD Thesis project is to study the functions of redoxins (Trx1,
Grxl and Prdx6) in the regulation of signaling pathway and metabolism in
hepatocarcioma cell lines subjected or not to oxidative/nitrosative stress. To achieve

the main objective, the following partial objectives have been carried out:

1. Determination of the differential "thiolic redox proteome" of HepG2 cells that
express different levels of nitric oxide by ESI-LC-MS/MS when the levels of Trx1, Grx1
and Prdx6 are down-regulated by specific interfering RNAs. This objective was
addressed in Articles 1 and 2. It included optimization of the methodology in the case
of Prdx6 redox proteome. (Article 2).

2.  Description of the in vivo physiological significance of Trx1, Grx1 and Prdx6
induced redox changes in the proteome. This objective was dealt with in Article 1
measuring the metabolic flux of glycolysis and pentose phosphate with radioactively
labelled glucose and the activity of glycolytic enzymes. In addition, the functions of the
three redoxins in the context of proliferation and cell death by apoptosis were studied.
(Article 1 and 2).

3.  Extension of the study of the metabolic functions of the three redoxins to the
greatest possible number of metabolic pathways. This objective was addressed by a
comprehensive analysis of the metabolome of HepG2 cells with silenced levels of each
of the 3 redoxins (Trx1, Grx1 and Prdx6). (Articles 1 and 2).

4.  Quantification of the activity and expression levels of Trx1, Grx1 and Prdx6 in
HepG2 cells subject or not to high levels of NO as well as low levels of Prdx6.
(Unpublished data).

5. Correlation and integration of the results obtained in the previous sections
with the degree of cell death due to apoptosis and their metabolic state in these tumor
cells. (Articles 1 and 2).

6. Comparing the effects of Trx1l in HepG2 cells with its effect in other
hepatoblastoma cell lines with different degree of differentiation, malignancy and
invasiveness potential. This objective was addressed in Article 3 by quantifying the
Global Proteome in samples of HepG2, SNU423 and SNUA475 cells treated with
Sorafenib, a drug that is administered to patients with hepatocarcinoma, and/or
interfering RNA of Trx1.
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7. Obtaining the HepG2 Knockout line for Prdx6 through CRISPR/Cas9
technology. (Unpublished data).
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Conclusions

Conclusions

1. The data presented here in show that Trx and/or Grx are involved in redox
modifications of targeted cysteines of several glycolytic enzymes affecting their activity,
but importantly, changes in the activity of one single enzyme cannot be extrapolated to
equivalent changes in metabolic flux through the whole pathway. These changes are
part of a widespread adaptive mechanism aimed at redistributing metabolic fluxes
between Glycolysis and its off-shooting pathways to respond to subtle changes in the
cellular redox environment. Trx and Grx share a number of protein Cys redox targets
but down regulation of either redoxin has markedly different metabolic outcomes:
silencing of Trx1 stimulates glycolytic flux while silencing of Grx1 decelerates it.
(Article 1)

2. Besides its canonical antioxidant action, Trx1l also contributes to oxidative
modification of some protein thiols, likely by activation of NOS3 and unbalancing
ROS/RNS levels, reflecting the delicate sensitivity of redox equilibrium to changes in
any of the elements involved and the difficulty of forecasting metabolic responses to

redox environmental changes. (Article 1)

3. A correlation can be put forward between the reversible oxidation of Cys91 of
Prdx6 upon Grx1 silencing that is accompanied by a significative increase in sn-2-
arachidonyl containing phospholipids and Cys91 sensitivity to glutathionylation,

considering the well-known deglutathionylase activity of Grx1. (Article 1)

4. The complex wide effects of moderate Prdx6 down-regulation should be a
reflection of its moonlighting properties acting as peroxidase, phospholipase and LPC-
acyltransferase. The response of HepG2 cells to Prdx6 silencing spans from metabolic
and signaling pathways remodeling to alterations in the redox proteome and
membrane turnover with effects in cell cycle progression and proliferation. The role of
Prdx6 in cancer cells has been studied previously with conflicting outcomes. Most
reports point to a pro-proliferating and antiapoptotic action of Prdx6, but some studies
have found the opposite effect, depending on the stage of tumor development.

Moreover, these effects have not always been assigned to a particular activity of
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Prdx6, either peroxidase, PLA2 or LPCAT, neither a common mechanism has been
provided. In the study reported in Article 2 Prdx6 silencing down to =40% would
represent a situation mimicking a cellular response to endogenous or exogenous
stimuli under normal or oxidative stress conditions. It appears that the cell responds to
Prdx6 down-regulation by initiating a biosynthetic program leading to membrane and
vesicle trafficking rearrangement with signs of entering cell cycle G1 phase but inability
to proceed on to S phase. The mechanisms behind these phenomena involve
reversible thiol oxidative changes in key proteins. HK2-Cys®%® and Prdx6 “extra” Cys®!
stand out as relevant thiol switches. The former could affect association with the
mitochondrial membrane with consequences on the rate of glucose catabolism and
mitochondrial permeability; the latter is not conserved among the 1-Cys type
Peroxiredoxin and has been given little attention so far but could turn out to bear

relevant functions in human cells. (Article 2)

5. Based on the results obtained in Article 2 and the contrasting reports on the
roles and mechanisms of multifunctional Prdx6 in several pathologies, obtaining a
knockout cell line of the human peroxiredoxin 6 can be a first step to determine the
implications of this protein into a cellular level. With this objective and using the
CRISPR-Cas9 technique, a human hepatocarcinoma cell line HepG2prdx6-/prdx6-has
been constructed and characterized demonstrating that both alleles of the Prdx6 gene
were mutated by deletion. (Unpublished data)

6. The study presented in Article 3 shows that Sorafenib treatment had a limited
effect on Trx1/TrxR1- reach and poorly-differentiated HCC cells expected to be present
at high proportion in the advanced stage of the disease. However, when the application
of Sorafenib is combined with Trx1 knock-down, which implies a thiol oxidative redox
change of STATS3, it affects very significantly the signaling pathways involved in
metastatic and invasive potential of mesenchymal cells. It is suggested that
combination of Sorafenib with thioredoxin inhibitors should be taken into account in the

design of anticancer therapies. (Article 3)
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Abstract

Abstract

The redoxins Thioredoxin (Trx), Glutaredoxin (Grx) and Peroxiredoxins (Prdx)
play a very important role both in the maintenance of redox homeostasis and in
signaling through reversible oxidation/reduction reactions in cysteine residues key to
the regulation of protein function. The main objective of this project is to demonstrate
that redoxins exert a role in the control of metabolic flux of tumor cells by regulating the

redox state of metabolic enzymes and proteins involved in cell signaling.

To study the functions of human Trx1 and Grx1, we have used the hepatocarcinoma-
derived HepG2 cell line as an experimental model under both normal and
oxidative/nitrosative conditions. We have shown that silencing of Trx1 or Grx1 causes
major changes in the redox proteome reflected in significant changes in the
reduced/oxidized ratio of enzyme cysteines such as glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) Cys247 and triosephosphate isomerase (TPI) Cys255 that
affect their activity. Trx1 silencing increases glycolytic flux and induces membrane
remodelling as indicated by the increase in sphingomyelins and ceramides. On the
other hand, Grx1 silencing decreases the glycolytic fluxand increases the synthesis of
fatty acids and phospholipids stimulating lipogenesis. These results indicate that,
although both redoxins have some common target cysteines, their down-regulation
causes different metabolic changes. Among the redox targets of Grx1 is the “extra”
non-peroxidatic Cys91, of Prdx6, the only member of the 1-Cys peroxiredoxin family in
humans, which in addition to having characteristic peroxidase activity is the only one

that also has phospholipase A2 activity calcium independent (iPLA>).

Prdx6 silencing in HepG2 cells decreases proliferation and increases cell
volume without changing the number of cells; decreases the rate of glucose entry and
nucleotide biosynthesis while the levels of amino acids, polyamines, phospholipids and
most glycolipids increase. Changes in the global proteome reflect an increase in
vesicle traffic while the redox proteome shows changes in various enzymes among
which are hexokinase 2 (HK2) Cys368, phosphoenolpyruvate carboxykinase 2 (PCK2)
Cysb5-63, and 3-phosphoglycerate dehydrogenase (PHGDH) Cys18-19 and Cys281.
These results indicate that Prdx6 silencing induces both a predominant metabolic
remodelling towards a glyconeogenic flow from amino acids with diversion at the
synthesis of serine and other biosynthetic pathways, as well as cell cycle arrest at
G1/S transition. It remains to be determined which Prdx6 activity is responsible for
these effects, whether its peroxidase or PLA2 or both and what are the detailed

mechanisms that lead to these effects.
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Abstract

The next step has been to verify whether these actions of the studied redoxins
also take place in advanced states of hepatocarcinoma in which resistance to the
standard treatment with Sorafenib is frequent. In line with this, a study has been carried
out in three hepatocarcinoma cell lines with different degrees of epithelial-
mesenchymal transition and therefore with increasing invasive potential and
malignancy (HepG2, SNU423 and SNU475), treated with Sorafenib and/or silenced for
Trx1. This drug is jnown as a tyrosine kinase inhibitor and we have observed that
treatment with Sorafenib induces reductive changes in key tumor signaling proteins,
such as STAT3, MAPK and Akt, in the three cell lines but large changes in the global
proteome have only been seen in cells of intermediate dedifferentiation state
(SNU423). Silencing of Trx1 does not have a great effect on the overall proteome of
the three cell lines but it does counteract the reducing effect of Sorafenib on a thiol
group at STAT3 and sensitizes the more mesenchymal hepatocarcinoma cell line
(SNU475) against Sorafenib, inactivating TGFR1 pathway and stimulating HIPPO
signaling. Therefore, these results support the idea that the combined treatment of
Sorafenib with Trx1 inhibitors could help to design more effective therapies against

advanced hepatocarcinoma resistant to Sorafenib.
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Resumen

Resumen

Las redoxinas Tiorredoxina (Trx), Glutarredoxina (Grx) y Peroxirredoxina (Prdx)
juegan un papel muy importante tanto en el mantenimiento de la homeostais redox
como en sefalizacion a través de reacciones de oxido/reduccion reversibles en
residuos de cisteina claves para la regulacion de la funcién de la proteina. El objetivo
principal de este proyecto es estudiar las funciones de las redoxinas en sefializacién
celular y metabolismo en lineas celulares derivadas de hepatocarcinoma sometidas o

no a altos niveles de 6éxido nitrico.

Para el estudio de las funciones de la Trx1 y Grx1 hemos empleado como
modelo experimental la linea celular derivada de hepatoblastoma (HepG2) bajo
condiciones normales y de estrés oxidativo/nitrosativo. Hemos demostrado que el
silenciamiento de Trx1 o Grx1 provoca grandes cambios en el proteoma redox tidlico
reflejado en cambios significativos en la ratio reducido/oxidado de cisteinas de
enzimas como la Cys247 de la gliceraldehido-3-fosfato deshidrogenasa (GAPDH) y
Cys255 de la triosafosfato isomerasa (TPI) los cuales afectan a la actividad de dichas
enzimas. El silenciamiento de Trxl aumenta el flujo glucolitico e induce
remodelamiento de la membrana lipidica como indica el incremento de esfingomielinas
y ceramidas. Por otro lado, el silenciamiento de Grx1 disminuye el flujo glucolitico y
aumenta la sintesis de &cidos grasos y fosfolipidos estimulando lipogenesis. Los
resultados indican que, a pesar de que ambas redoxinas tengan algunas cisteinas
diana comunes, su silenciamiento provoca cambios metabdlicos diferentes. Entre las
dianas redox de la Grx1 se encuentra la Cys91, no peroxidatica, de la Prdx6, el Gnico
miembro de la familia de las peroxiredoxinas de 1-Cys en humanos, que ademas de
poseer la actividad peroxidasa caracteristica, es la Unica que presenta actividad

actividad fosfolipasa A2 independiente de calcio (iPLA).

El silenciamiento de Prdx6 en HepG2 disminuye la proliferacion y el nimero de
células mientras que el volumen celular aumenta. Ademas la entrada de glucosa y la
biosintesis de nuclettidos disminuyen mientras que los niveles de amino &cidos,
poliaminas, fosfolipidos y la mayoria de glicolipidos aumentan. El efecto del
silenciamiento de Prdx6 sobre el proteoma global muestra un aumento en el trafico de
vesiculas mientras que el proteoma redox muestra cambios en diversas enzimas de
rutas metabdlicas entre las que se encuentran la Cys368 de la hexoquinasa 2 (HK2),
la Cys55-63 de la fosfoenolpiruvato carboxiquinasa 2 (PCK2), y las Cys18-19 y
Cys281 de la 3-fosfoglicerato deshidrogenasa (PHGDH). Los resultados indican que el

silenciamiento de Prdx6 induce tanto un remodelamiento metabdlico predominante
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hacia gluconeogénesis desde amino 4cidos con desviacion hacia la sintesis de serina
y otras vias biosintéticas, asi como detencion del ciclo celular en la transicion G1/S.
Esté por determinar qué actividad de la Prdx6 es responsable de estos efectos, si su
peroxidasa o la PLA, o ambas y cuales son los mecanismos detallados que conducen
a esos efectos.

El siguiente paso ha sido comprobar si estas acciones de las redoxinas
estudiadas tienen lugar igualmente en estados avanzados de hepatocarcinoma en los
que se suele dar una resistencia al tratamiento estdndar con Sorafenib. En linea con
esto, se ha llevado a cabo un estudio en tres lineas celulares de hepatocarcinoma con
distinto grado de transicion epitelio-mesenquimal y por tanto, con mayor potencial de
invasividad y malignicidad (HepG2, SNU423 y SNU475), tratadas con Sorafenib y/o
silenciando la Trx1. El Sorafenib es un medicamento conocido por su actividad como
un inhibidor de tirosinas quinasas y nosotros hemos observado que el tratamiento con
Sorafenib induce cambios reductores en proteinas clave de sefalizacion tumoral, tales
como STAT3, MAPK y Akt, en las tres lineas celulares pero los grandes cambios en el
protecoma global se han visto Unicamente en células en estado intermedio de
desdiferenciacion (SNU423). El silenciamiento de Trx1 no tiene un gran efecto en el
proteoma global de las tres lineas pero si contrarresta el efecto reductor del Sorafenib
sobre un grupo tiol de STAT3 y sensibiliza a las células de hepatocarcinoma mas
mesenquimales (SNU475) frente al Sorafenib, inactivando la via de TGFR1 y
estimulando la via de sefializacion HIPPO. Por lo tanto, los resultados apoyan la idea
de que el tratamiento combinado de Sorafenib con inhibidores de la Trx1 podria
ayudar al disefio de terapias mas efectivas contra el hepatocarcinoma en estado

avanzado resistente a Sorafenib.
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ARTICLE INFO ABSTRACT

The aim of the present study was to define the role of Trx and Grx on metabolic thiol redox regulation and
identify their protein and metabolite targets. The hepatocarcinoma-derived HepG2 cell line under both normal
and oxidative/nitrosative conditions by overexpression of NO synthase (NOS3) was used as experimental model.
Grx1 or Trx1 silencing caused conspicuous changes in the redox proteome reflected by significant changes in the
reduced/oxidized ratios of specific Cys's including several glycolytic enzymes. Cys®" of peroxiredoxin-6 (PRDX6)
and Cys'®® of phosphoglycerate mutase-1 (PGAM1), that are known to be involved in progression of tumor
growth, are reported here for the first time as specific targets of Grx1. A group of proteins increased their Cysggp/
Cysox ratio upon Trx1 and/or Grx1 silencing, including caspase-3 Cys'®®, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) Cys**” and triose-phosphate isomerase (TPI) Cys>>® likely by enhancement of NOS3 auto-
oxidation. The activities of several glycolytic enzymes were also significantly affected. Glycolysis metabolic flux
increased upon Trx1 silencing, whereas silencing of Grx1 had the opposite effect. Diversion of metabolic fluxes
toward synthesis of fatty acids and phospholipids was observed in siRNA-Grx1 treated cells, while siRNA-Trx1
treated cells showed elevated levels of various sphingomyelins and ceramides and signs of increased protein
degradation. Glutathione synthesis was stimulated by both treatments. These data indicate that Trx and Grx have
both, common and specific protein Cys redox targets and that down regulation of either redoxin has markedly
different metabolic outcomes. They reflect the delicate sensitivity of redox equilibrium to changes in any of the
elements involved and the difficulty of forecasting metabolic responses to redox environmental changes.
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Thiol redox regulation
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S-nitrosation
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1. Introduction concentration range and subcellular site of its generation [23,44]. Post-

translational redox modifications (redox PTM) of target sensitive pro-

The importance of redox homeostasis for cancer cell survival in the
context of energy metabolism is well established [2,57,83]. Sensitive
cysteine residues on target proteins are at the center of regulatory
mechanisms, whose redox state are controlled by two major cellular
systems, the Thioredoxin (Trx)/Trx reductase (TrxR) and the Glutar-
edoxin (Grx)/glutathione (GSH) systems [30,8].

Nitric oxide (NO) plays important roles in signal transduction [52].
It is synthesized in cells by NO synthase (NOS) isoenzymes whose ex-
pression may be regulated as part of cellular responses to several sti-
muli [1]. NO has contradictory effects on tumor cells, either pro-
apoptotic or anti-apoptotic according to cell type, intracellular

teins and more specifically, S-nitrosation of sensitive cysteine residues
in those proteins, is the basis of NO activity in signaling pathways, al-
though other reversible oxidative modifications of cysteines are also to
be expected since high levels of NO are accompanied by increased le-
vels of reactive oxygen species (ROS) [85]. Reversible regulation of
redox PTMs is necessary for this process to have regulatory and biolo-
gical meaning. Intracellular levels of GSNO and S-nitrosated proteins
are controlled by GSNO reductase, alcohol dehydrogenase class-3 (ADH
I1), which is a NADH-dependent enzyme that is conserved from bac-
teria to human and metabolizes GSNO to oxidized glutathione and NHj3
[47]. GSNO reductase does not directly denitrosate SNO proteins, but as
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the GSNO pool is in equilibrium with protein thiols, reduction of GSNO
by the GSNO reductase indirectly results in protein denitrosation [47].

Trx has been shown to catalyze denitrosation in vitro and to affect
levels of cellular protein nitrosothiols. It has been shown to also cata-
lyze the direct denitrosation of proteins in vivo through the action of its
conserved active site dithiol, which in human Trx1 is Cys32 and Cys35
[4,5]. NOS3 (or eNOS) itself is a target of Trx leading to activation of
the enzyme as part of a regulatory mechanism of NOS3 by reversible
auto-S-nitrosation [15,4,64,67].

Mammalian Trx1 contains additional conserved Cys at positions 62,
69 and 73. Cys73 is particularly prone to S-nitrosation [26] and is
implicated in the specific and reversible transfer of a nitrosothiol be-
tween Trx1 and caspase 3 with the resulting inhibition of apoptosis
[60]. It has been shown that S-nitrosation of Cys73 is favored after
formation of a disulfide between Cys32-Cys35, that attenuates Trx1
disulfide reductase and denitrosase activities [86]. Depending on the
redox state of the cell, Trx1 catalyzes either trans-S-nitrosation or S-
denitrosation so that upon inhibition of disulfide reduction or S-deni-
trosation activity, Cys”3-SNO-Trx1 could catalyze trans-S-nitrosation of
target proteins [26,86]. Thus, as a master regulator of redox signaling,
Trx1 would protect proteins via its reductase activity, but under highly
oxidative environments, the Cys32/Cys35 oxidized disulfide form ac-
cumulates, Cys73 becomes S-nitrosated and Trx1 offers an alternative
modality of protein regulation via transnitrosation [86].

Glutaredoxin is involved in post-translational modification of pro-
teins by S-glutathionylation with a role mainly as a deglutathionylase
[39,54,75]. Grx1l catalyzes reversible S-glutathionylation of protein
targets involved in Glycolysis, energy sensing, calcium homeostasis,
apoptosis and transcriptional regulation [59]. Grxl has also been
shown to counteract the proapoptotic action of NO in tumor cell lines
[22,35] and to regulate NOS3 activity by glutathionylation [9], an
activity shared with Trx [78]. However, no direct evidence of Grx1 as
denitrosase has been reported so far.

The thiol-based mechanism of NO multiple actions and the roles of
Trx and Grx in the context of protein function regulation by reversible
redox changes at target cysteines justify the study of cells under ni-
trosative stress. Exogenous addition of NO donors is a widely used ex-
perimental approach to this end, but endogenously produced RNS
would better mimic a physiological situation. The levels of ROS and NO
increase to 140% in NOS3 overexpressing HepG2 cells relative to con-
trol cells [21], which makes them a good experimental model to study
the significance of Trx and Grx roles in the regulation of cellular phy-
siology under nitrosative and oxidative conditions.

The Thiol Redox Proteome refers to the set of mapped protein cy-
steines showing reversible redox changes under given conditions or in
response to stimuli [20]. Its detailed description may provide an in-
sightful snapshot of the set of thiol redox switches [19,38] in a cell
under given conditions. Several qualitative and quantitative proteomic
approaches have been devised to study the redox proteome
[24,27,32,43,46,50,53,55] and to define Trx target proteins either as
reductase or transnitrosase [46,6,87] or target proteins of Grx as de-
glutathionylase [54]. The identification and modulation by reversible
redox PTMs of key proteins that can control metabolic flow, would offer
promising therapeutic candidates for a number of disease states such as
cancer [80]. Moreover, redox signals work in tandem with other signals
to control different cellular processes.

One common characteristic to all types of cancers is reprogramming
of energy metabolism to generate ATP through intense glycolytic flux
from glucose to lactate even when oxygen is present, a phenomenon
known as “the Warburg effect”. Mitochondria remain functional and
part of the glucose consumed is diverted into biosynthetic pathways
upstream of pyruvate. Altered cell metabolism is a characteristic feature
of many cancers resulting in changes to metabolite concentrations and
eventually affecting cell signaling pathways and metabolic fluxes
[79,83]. There is a complex connection between metabolism and pro-
liferation with many checkpoints still to be discovered.
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We have previously assessed the role of NOS-3 overexpression on
several metabolic checkpoints in HepG2 cells showing the prominence
of the oxidative branch of the Pentose Phosphate Pathway (oxPPP) to
direct the metabolic flux towards NADPH and the increase in Trx and
Grx, but at the same time a decrease in nucleotide biosynthesis and
proliferation [23]. Downregulation of Trx and Grx reduced cell pro-
liferation and increased caspase-8 and caspase-3.

Here we have applied a quantitative proteomic and metabolomic
approach to evaluate HepG2 cells under high levels of endogenous NO
and ROS by NOS3 overexpression and = 80% down-regulation of Grx1
or Trxl with specific siRNA. Proteins undergoing significant redox
changes have been identified, their sensitive cysteines have been
mapped and their “reduced Cys/oxidized Cys” ratios have been de-
termined. Known targets of redox PTMs have been confirmed and new
targets have been discovered, mostly metabolic enzymes. Glycolytic
metabolic flux, complex lipids and glutathione metabolism and protein
degradation, among other pathways, were affected by Trx1l or Grx1
silencing, concomitant with redox changes at specific cysteines in gly-
colytic enzymes.

2. Material and methods
2.1. Materials and reagents

All reagents were of analytical grade and were purchased from
Sigma, unless otherwise stated. HepG2 cell line used in this work was
obtained from ATCC LGC Standards Company (Teddington, UK). Cell
culture dishes and flasks were from TPP (Switzerland). Anti-Trx1 and
anti-Grx1l were obtained from rabbit in our laboratory. Antibodies
against PKM2, caspase-3, NOS-3 and f-actin were from Santa Cruz
Biotechnology, (Dallas, TX, USA). Antibodies against PRDX6 were from
Abcam (Cambridge, UK). ECL was from GE Healthcare (Wauwatosa,
Wisconsin, USA). siRNA for Grx1l and Trxl were from GE Healthcare
Dharmacon (Wauwatosa, Wisconsin, USA). [**C-1]-Glucose, [**C-6]-
Glucose and [H-3]-Glucose were from Perkin Elmer (USA).

2.2. Cell growth conditions

Cells were transfected with the pcDNA/4TO (5100 bp; Invitrogen,
Molecular Probes, Inc.) resulting in 4TO control cell line, as well as with
the same expression vector containing NOS3 cDNA sequence (3462 bp;
NCBI, ImaGenes, full length cDNA clone sequence BC063294) under the
control of the cytomegalovirus promoter resulting in 4TO-NOS cell line.
Cell lineages 4TO and 4TO-NOS were selected with zeocin (15 mg/L;
Invitrogen) as was described by Gonzélez et al. [21]. Cells were
maintained in EMEM Medium (Eagle Minimum Essential Medium), pH
7.4, supplemented with 10% fetal bovine serum, 2.2 g/L NaHCOs,
1 mM sodium pyruvate, 100 U/L penicillin, 100 ug/mL streptomycin,
0.25 pg/mL amphotericin, and the corresponding selective zeocin an-
tibiotic in 5% CO, atmosphere at 37 °C.

2.3. Silencing of Trx1 and Grx1

Human Grx1l and Trx1 were down-regulated in non-transfected
HepG2 cells (WT), 4TO and 4TO-NOS cells using specific siRNA in 6-
well plates (20,000 cells/cm?) according to the manufacturer's re-
commendations (Dharmacon, GE Healthcare Life Sciences). Grx and Trx
siRNA (25 nmol) were mixed with the transfection reagent
DharmaFECT 1, previously pre-incubated with culture medium (anti-
biotic/antimycotic and serum free), and incubated for 20 min at room
temperature. Afterwards, the interference solutions were added to
cultured cells for 72h in 2% culture medium in the absence of anti-
biotic/antimycotic solution [89]. Silencing of Trx 1 and Grx1 was al-
ways checked by Western blot and activity assay to confirm that their
levels were reduced by = 80% [22].
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Fig. 1. Proteomics experimental strategy. The procedure follows the already
classical three-step approach. In this case, the thiol blocking agent was NEM,
the cysteine reductant was TCEP and the newly formed thiols were labeled with
“heavy” d(5)-NEM in which 5 hydrogen atoms had been substituted by deu-
terium atoms. LC-MS/MS data were analyzed for global protein changes with
MaxQuant software for “label-free” quantitation [12]. Redox protein changes
were analyzed from the set of Cys-peptides identified by targeted quantification
using Skyline [48] and calculating the “light”(reduced)/“heavy”(oxidized) Cys
ratio. See M&M section for a detailed description.

2.4. Sample preparation for redox proteomics

The experiments were routinely carried out at 100,000 cells/cm?
and the cells were washed with PBS. The methodological strategy is
summarized in Fig. 1 as described before [55]. Reversibly oxidized Cys
were labeled with “heavy” NEM in which 5 hydrogen atoms had been
substituted by deuterium atoms here named “d(5)NEM” and reduced
cysteines were blocked with “light” NEM, here named “d(0)NEM”. Cell
extracts were obtained with lysis solution (50 mM ammonium bi-
carbonate, 50 mM d(0)NEM, 0.5% CHAPS, 1 mM PMSF); samples were
centrifuged at 15,000g for 5 min at 4 °C, excess d(0)NEM was removed
using Zeba spin desalting columns (Thermo Scientific). 100 pg of pro-
tein were diluted up to 160 ul with 25 mM ammonium bicarbonate,
incubated with denaturing reagent by addition of 10pul of 1% w/v
RapiGest (Waters) in 25mM ammonium bicarbonate, incubated at
80 °C for 10 min and vortexed. 10 ul of a 100 mM solution of TCEP was
added followed by incubation at 60°C for 10 min to reduce the re-
versibly oxidized cysteines that were subsequently alkylated by adding
10 ul of 200mM d(5)NEM and incubated at room temperature for
30 min. An aliquot was taken at this point to check the procedure by
SDS-PAGE.

Proteolytic digestion was performed by addition of 10 ul 12.5 ng/ul
of trypsin (Promega) in 25 mM ammonium bicarbonate and incubated
at 37°C temperature overnight. Protein digestion was stopped by
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addition of 3 pl trifluoroacetic acid (1.5% final concentration). Digested
samples were dialyzed through detergent removal column (Pierce) to
eliminate any possible rest of CHAPS and dried in speedvac.

2.5. LC-MS/MS

Protein analyses were performed at the Proteomics Facility (SCAI)
at the University of Cérdoba. Peptides were scanned and fragmented
with the LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific)
equipped with a nano-UHPLC Ultimate 3000 (Dionex-Thermo
Scientifics). Chromatography conditions were: mobile phase solution A:
0.1% formic acid in ultrapure water; mobile phase solution B: 80%
acetonitrile, 0.1% formic acid. A chromatography gradient was per-
formed in C18 nano-capillary column (Acclaim PepMap C18, 75 pm
internal diameter, 3 um particle size, Dionex-Thermo Scientifics) as
follows: 5min, 4% solution B; 60 min, 4-35% solution B; 10 min,
35-80% B; 10 min, 80% B; 10 min 4% B. The nano-electrospray voltage
was set to 1300 V and the capillary voltage to 50 V at 190 °C. The LTQ
Orbitrap XL was operated in parallel mode, allowing for the accurate
measurement of the precursor survey scan (400-1500m/z) in the
Orbitrap selection, a 30,000 full-width at half-maximum (FWHM) re-
solution at m/z 400 concurrent with the acquisition of top five CID
Data-Dependent MS/MS scans in the LIT for peptide sequence. Singly
charged ions were excluded. The normalized collision energies used
were 35% for CID. The maximum injection times for MS and MS/MS
were set to 500 ms and 50 ms, respectively. The precursor isolation
width was 3amu and the exclusion mass width was set to 5ppm.
Monoisotopic precursor selection was allowed and singly charged spe-
cies were excluded. The minimum intensity threshold for MS/MS was
500 counts for the linear ion trap and 1000 counts for the Orbitrap.
MS2 spectra were searched with SEQUEST engine against a database of
Uniprot Human_Nov2014 (www.uniprot.org). Peptides were generated
from a tryptic digestion with up to one missed cleavage, including NEM
and (d5)NEM modification in Cys and methionine oxidation as dynamic
modifications. Statistical data were calculated with percolator tool
against decoy database using 1% FDR as threshold for significance.

2.6. Label-free MS protein quantification

The analysis of MS raw data of the two studies was performed using
the MaxQuant (v1.5.7.0) [12] and Perseus (v1.5.6.0) [82] software.
Three RAW data files per sample from 3 separate experiments were
analyzed. Proteins were identified by searching raw data against the
human UniprotKB/Swiss-Prot protein database (February 2018 ver-
sion). The modifications NEM and d(5)NEM and methionine oxidation
was set as variable modifications for the second study. Cleavage spe-
cificity was by trypsin, allowing for a maximum of two missed clea-
vages, a mass tolerance of 10ppm for precursors and 0.01 Da for
fragment ions. The false discovery (FDR) cut-off for protein identifica-
tion was 1%. Enabling the “match between runs” option allowed for
identification transfer between samples. Similar proteins were grouped,
and only unique peptides were used for quantification. Identified from
reverse database or contaminants hits proteins were removed prior to
further analysis. Finally, the resultant list was analyzed according to the
instructions of the software developers [82]. The criteria for con-
sidering a differentially expressed protein were that it was identified
and quantified using at least two unique peptides; has a fold change of
at least 1.5 and had a P < 0.05 value.

2.7. Targeted analysis of differentially labeled Cys residues

The method devised has been described before [55]. Briefly, Cys-
containing peptides detected with identical amino acid sequences and
both d(0) and d(5) NEM modifications independently with a confident
individual peptide ion score were considered redox peptides. Redox
peptides detected from Proteome Discoverer analyses of RAW files were
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selected for targeted analysis using m/z data and retention times with
the open software Skyline [48]. Targeted analysis applying m/z, re-
tention times, and fragmentation spectra for peptide selection allowed
the calculation of the reduced/oxidized ratio (or d(0)/d(5) NEM) of the
Cys residues using the individual parent ion intensities. The individual
reduced/oxidized ratio for redox Cys peptides in each sample was used
to calculate an average ratio of reduced/oxidized calculated for the
specific Cys residues.

2.8. Metabolomic analysis

Metabolomic analyses were performed at Metabolon, NC USA and
the samples were prepared following the specific guidelines. Global
biochemical profiles were determined in 2 X 10° HepG2 cells collected
from different treatment groups (wild type, 4TO and 4TO-NOS cells
treated with specific siRNA for Trx and Grx or with non-target siRNA).
Each experiment was done four times and the dry cell pellets were
immediately frozen in liquid nitrogen and stored at —80°C until
shipment. Samples were prepared using the automated MicroLab
STAR® system from Hamilton Company. To remove protein, dissociate
small molecules bound to protein or trapped in the precipitated protein
matrix, and to recover chemically diverse metabolites, proteins were
precipitated with methanol under vigorous shaking for 2min (Glen
Mills GenoGrinder 2000) followed by centrifugation. The resulting ex-
tract was divided into five fractions: two for analysis by two separate
reverse phase (RP)/UPLC-MS/MS methods with positive ion mode
electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with
negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with
negative ion mode ESI, and one sample was reserved for backup. Raw
data was extracted, peak-identified and QC processed using Metabolon's
hardware and software. Peaks were quantified using area-under-the-
curve and normalized.

2.9. Biotin switch technique

All operations were performed in darkness and following the pro-
tocol described by Martinez-Ruiz et al. [51] with some modifications.
Treated cells were resuspended in lysis buffer (50 mM Tris-HCI, pH 7.4,
300 mM NaCl, 5mM EDTA, 0.1 mM neocuproine, 1% Triton X-100,
1 mM PMSF, 1 pg/mL aprotinin and 2 ug/mL leupeptin) and incubated
on ice for 15 min. Samples were centrifuged at 10,000g, 4 °C for 15 min
and supernatants were collected. Extracts were adjusted to 1.0 mg/mL
of protein and were blocked with 4 volumes of blocking buffer (225 mM
HEPES, pH 7.2, 0.9mM EDTA, 90 uM neocuproine, 2.5% SDS and
50 mM NEM) at 37 °C for 30 min with stirring. After blocking, samples
were precipitated with cold acetone and pellets were resuspended in
HENS buffer (250 mM HEPES, pH 7.2, 1mM EDTA, 0.1 mM neocu-
proine, 1% SDS) with 100 mM ascorbate and 1 mM biotin-HPDP and
incubated for 1h at room temperature. Finally, samples were passed
through Zeba spin desalting columns (Thermo Scientific Pierce) to
eliminate ascorbate and biotinylated proteins were detected by western
blot with “anti-biotin”. In addition, the biotinylated proteins were
captured with neutravidin-agarose (Pierce) and recovered using
100 mM B-mercaptoethanol for subsequent Western blot analysis of
specific target proteins.

2.10. Rate of glycolysis and Pentose Phosphate Pathway (PPP)

These were measured following the protocol described by Requejo-
Aguilar et al. [68] with some modifications. The resuspended cells
(1.5 x10° cells) were incubated in “Elliot” buffer (122mM NaCl,
11mM Na,HPO,, 0.4mM KH,PO,, 1.2mM SO4Mg, 3.1mM KCl,
1.3mM CaCl,, pH7.4, in the presence of 5 uCi of D-[3-*H]glucose, (0.5
uCi mL™of D-[1-'*C]glucose or 1 uCi mL™! of [6-!*C]glucose and
5mM b-glucose in sealed vials. The glycolytic flux was measured by
assaying the rate of *H,0 production from [3->H]glucose, and the PPP
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flux as the difference between [1—14C]glucose and [6—14C]glucose in-
corporated into *CO,, Glucose concentrations in Elliot buffer were
measured by enzymatic analysis spectrophotometrically.

2.11. Measurement of enzymatic activities, lactate and protein

All glycolytic enzymatic activities were measured in fresh cell ly-
sates obtained in the absence of reducing agents. Cell lysates were
prepared with lysis buffer containing 50 mM HEPES pH 7.2, 2mM
EDTA, 100 mM NacCl, 1% Triton X-100, 1 mM PMSF. Commercial pre-
parations of pure enzymes were used to calibrate the assays and to
determine the linear dependence activity range. Pyruvate kinase (PK)
and triose phosphate isomerase (TPI) activities were measured ac-
cording to the method described by Fielek and Mohrenweiser [16]
without DTT in the assay mixture. Glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH) activity was measured as an increase in absorption
at 340nm resulting from reduction of NAD* at 25°C. The reaction
mixture contained 130 mM Tris-HCl, pH 8.0, 0.25mM NAD™", and
5 mM DL-glyceraldehyde-3-phosphate. Three technical replicates were
routinely done for each independent experiment. Lactate concentration
in the culture medium after 72 h of treatment with the siRNA Grx1 or
siRNA Trxl was determined by an enzymatic colorimetric assay
(505 nm) using the kit Labkit (Chemelex, S.A). Protein concentration
was determined by the Bradford method (Bio-Rad) using BSA as stan-
dard.

2.12. SDS-PAGE and Western blotting

SDS-PAGE was performed with homogeneous 10% non-reducing
gels for detection of biotinylated proteins and 12% Criterium XT
Precast Gel (Bio-Rad) for detection of specific proteins (Trx1, PRDX6,
PKM2, caspase-3, NOS3). After electrophoresis, proteins were trans-
ferred to a nitrocellulose membrane with a semi-dry electrophoretic
transfer system (Bio-Rad). The membranes were incubated overnight at
4°C with the corresponding dilutions of primary antibodies: 1:4000
against biotin, 1:1000 against PRDX6, 1:500 against PKM2, caspase-3
and NOS3, 1:500 against Trx1 and Grx1. Then washed and incubated
with the corresponding secondary antibodies conjugated to peroxidase
(anti-rabbit, anti-goat or anti-mouse) used at 1:8000 dilution and the
chemiluminescent signal was induced by ECL reagent (Thermo-Fisher).
Ponceau staining was used as cell protein-loading control and actin was
used as reference for quantitative densitometric normalization.

2.13. Statistics

Where appropriate, results are expressed as mean + SEM of at least
three independent experiments. Data were compared using ANOVA
with the least significant difference test post hoc multiple comparison
analysis. The threshold for statistically significant differences was set at
p < 0.05. In the case of Global and Redox Proteome, data were ana-
lyzed using Student's T-test comparing control vs siRNA treatment. The
threshold for this statistically significant differences was set at q < 0.05
according to the method of Storey [77] using the R-package. In the case
of the metabolomic analysis following normalization to Bradford pro-
tein concentration and log transformation a mixed model ANOVA was
used to identify biochemicals that differed significantly between ex-
perimental groups; statistical significance was set at p < 0.05.

3. Results and discussion

Overexpression of NOS3 in HepG2 cells caused a = 25% increase in
ROS, NO and NOS activity compared with the same cells transformed
with the empty vector [21] and constituted a physiological model for
endogenously oxidative/nitrosative stressed cells to study the role of
Trx1l and Grxl. Treatment with Trxl or Grx1 specific siRNA down-
regulated the levels and activities of either redoxin by = 80% (Ref.
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Fig. 5 in [22]). These cells were collected and lysed under conditions
that allowed blocking of reduced protein thiols with “light” d(0)NEM
followed by reduction of reversibly oxidized Cys and labelling with
“heavy” d(5)NEM (Fig. 1). Samples were prepared and analyzed by a
proteomics LC-MS/MS approach allowing for global “label-free” quan-
titation and for targeted analysis of differentially labeled Cys-peptides
[55,71].

3.1. Global proteome

Quantitative differences between the proteomes of WT, 4TO and
4TO-NOS, treated or not with siRNA-Trx1 and siRNA-Grx1, were de-
termined by “label-free” analysis. The significant differential proteomes
were determined from roughly 600 unique proteins identified in each
study. Only 14 proteins varied significantly between 4TO-NOS and 4TO
HepG2 cells and a smaller number changed upon either siRNA treat-
ment in 4TO or 4TO-NOS cells, as shown in Suppl. File 1.

Overexpression of NOS3 and down-regulation of Trxl or Grxl in
HepG2 cells has marked phenotypical consequences like slow-down of
proliferation and apoptosis exacerbation as previously reported [22].
To investigate whether these phenotypical changes might have been
triggered by redox postranslational modification of key proteins, we
analyzed the redox proteome.

3.2. Redox proteome

Trx1 and Grx1 main action is to reverse oxidative changes in protein
thiols, not only those involved in regulatory postranslational mod-
ifications of metabolic and signaling proteins, but also those associated
with thiol-dependent ROS scavenging enzymes, like peroxiredoxins.
Any change in the levels of either redoxin should have consequences on
the redox state of sensitive proteins which could reveal detailed
knowledge on their functions. Silencing with specific siRNA provides a
gentler experimental approach to mimic physiological down-regulation
events compared to a full knockout, although detection of the expected
subtle changes in molecular indicators requires precise analytical
methods to study the redox proteome.

3.2.1. NOS3 overexpression alters the Redox Proteome

The levels of ROS and NO had been measured in 4TO-NOS cells by
standard general methods (DCFH,-DA fluorescence and colorimetric
nitrite determination, respectively) showing an increase of 40% in the
cells overexpressing NOS3 [21]. Now, the Cys,.q/Cysox ratio was de-
termined for every Cys peptide identified/quantified in WT (234/168
peptides), 4TO (411/328 peptides) and 4TO-NOS (366/289 peptides)
HepG2 cells. Overlapping of Cys-peptides between samples was
65-68% for identified peptides and 71-77% for quantified peptides
(Suppl. Fig. 2). The majority of quantified peptides were in the Cys-SH
state with Cys.q/Cysox ratios ranging from nearly 40 to around 2.
Ninety-four Cys-peptides underwent significant changes in their Cys;eq/
Cysox ratios when the cells overexpressed NOS3 compared to cells
transfected with empty vector (Fig. 2; Suppl. File 2). Changes were
predominantly oxidative, but 13 proteins were = 1.5 fold reduced in
the oxidative/nitrosative environment of NOS3 overexpressing cells.
Their reductive change could be direct or indirect consequence of the
observed marked induction of Trx1 and Grx1 [22], but other pertur-
bations in metabolic and signaling pathways induced by NOS3 over-
expression could also be responsible.

The presence of acidic residues around the modified cysteine in
these redox target proteins is particularly apparent (Fig. 2B). 77% (10/
13) of the proteins showing an increase in their reduced/oxidized Cys
ratio had at least one Glu or Asp between positions + 2 and —2, cen-
tered on the target cysteine, whereas this percentage was lower (46%;
16/35) for the proteins undergoing an oxidative change. The accumu-
lated content of Asp and Glu in the average protein from the UniProtKB
TrEMBL is 11.65%, therefore, the frequency of at least one acidic
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residue at these positions is markedly higher than expected at random
and could be related to the sensitivity of these Cys residues to ni-
trosative stress induced redox changes.

Taken together, these changes show that NOS3 overexpression ex-
erts oxidative pressure on a number of protein cysteine residues with
potential regulatory effects mainly at the level of Glycolysis/gluco-
neogenesis, protein synthesis and folding, endoplasmic reticulum pro-
cesses, and cell death and survival (Fig. 2C). To check whether Trx1 or
Grx1 are involved in this redox disturbance, both redoxins were down-
regulated with specific siRNA and the redox state of individual Cys
residues was measured again.

3.2.2. Specific protein cysteines underwent oxidative and reductive changes
upon Trx1 or Grx1 silencing depending on NOS3 overexpression

Silencing of Trx1 or Grx1l to = 20% their normal levels in WT and
NOS3-overexpressing HepG2 cells did result in significant redox
changes of specific protein cysteines, compared with their respective
controls. We had previously reported that the activities of both redoxins
decreased to the same extent as Trx1 and Grx1 protein levels in their
respective siRNA treated cells, excluding the induction of other active
isoforms [22]. Moreover, analysis of the differential proteome of these
cells in the present study did not show compensatory induction of
isoforms.

A selection of target proteins with = 1.5 or < 0.67 fold redox
changes is presented in Fig. 3A. Three groups can be distinguished in
this table. i) Proteins in the upper part of the table showed sensitive
cysteines which underwent an oxidative shift in WT cells, but a re-
ductive shift in NOS3 overexpressing cells, upon silencing of either
redoxin. ii) A second group in the middle part of the table shows cy-
steines that were more oxidized only in 4TO-NOS cells upon either
redoxin silencing. iii) Finally, a third group was only sensitive towards
Trx1 silencing almost exclusively in NOS3-overexpressing cells. Six
proteins: Cofilin-1, 40 S ribosomal protein S5 and isoforms Gamma,
Theta/delta and Beta/alpha of the 14-3-3 family of proteins, showed
high sensitivity to both redoxins but their redox changes, though con-
spicuous, did not display clear trends and have been omitted.

These changes could be the consequence of direct interaction of
either redoxin with the target proteins or could be due to indirect ef-
fects. They were almost exclusively oxidative in WT cells as one would
expect from the canonical antioxidant functions of Grxl and Trx1.
However, in NOS3 overexpressing cells, the effect of silencing the re-
doxins, especially Trx1, also resulted in reductive changes in several
protein cysteines. The reason for this apparently contradictory result
could rely on the fact that NOS3 itself is sensitive to redox modification
and can be activated by Trx1 and Grx1 through denitrosation and de-
glutathionylation [4,78]. Hence, decreasing the levels of these redoxins
by specific siRNA should result in higher levels of redox modified NOS3,
lower NOS3 activity and lower protein S-nitrosation levels followed by
higher reduced/oxidized ratio of sensitive cysteines in target proteins.
We had previously determined the level of Tyr nitration, a good in-
dication of the degree of nitrosative/oxidative stress, in siRNA-Trx1 and
siRNA-Grx1 treated WT and NOS3 overexpressing HepG2 cells [22].
Nitro-tyrosine levels were markedly higher in WT HepG2 cells but de-
creased to 50% in NOS3 overexpressing HepG2 cells which is a further
evidence of NOS3 inactivation upon Trx1 and Grx1l down-regulation.

3.2.3. Redoxins-sensitive cysteines show specific sequence motifs

Defining sequence signatures around redox sensitive cysteines
would help predict and find redox regulated target proteins. A search
for short linear motifs in the sequences around the redox modified Cys's
shown in Fig. 3A using the motif-x algorithm [10] produced three motifs
with high enrichment score among the input set of proteins compared
with the background occurrence in the whole human proteome
(Fig. 3B). There is a Lys at position + 1 or + 4 in motifs 1 and 2 re-
spectively and a threonine at + 4 in motif 3. It is well known that
nucleophilic reactivity of Cys's is dependent on ionization to thiolate
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Fig. 2. NOS3 over expression alters the Reduced/Oxidized ratio of specific Cys on target proteins. A) The UniProt ID of the protein is shown in the vertical axis
and the relative change in the Cys;eq/Cysox ratio in 4TO_NOS cells is indicated in the horizontal axis as fold change relative to the ratio in control 4TO cells
transformed with the empty vector. Proteins are ordered according to their statistical q score (Storey & Tibshirani) from 0.0000516 (top) to 0.0497383 (bottom).
Proteins with negative values were more oxidized after NOS3 overexpression; those with positive values (IDs in italic) were more reduced. Two proteins showed
reductive changes higher than fivefold as indicated. P10599, square boxed with thick line, is Trx1(C”®); ID of enzymes of Glycolysis and its branching pathways are
highlighted with grey squares and ribosomal proteins are square boxed with thin line. B) sequence context around the cysteine residue of 13 peptides whose reduced/
oxidized ratio increased = 1.5 on NOS3 overexpression, showing the presence of acidic residues (white letters highlighted in black) close to the affected cysteine
(grey shadowed). Protein names and Cys mapping are detailed in sheet “NOS3 Vo” of the Excel file shown in Suppl Fig. 2. C) Systems Biology analysis of the whole set
of redox modified proteins using Ingenuity Pathway Analysis (Qiagen) and DAVID [Huang et al. Nature Protoc. 2009;4(1):44-57]. The five most significant terms from

each analysis are shown with p values ranging from 9.18E—19 to 9.75E—04.

favored by low pKa. Computational and experimental results indicate
that the surrounding charged side chains can contribute, but do not
primarily control, the thiolate pKa in the Trx superfamily and other
proteins with reactive Cys [69,70]. However, a search for denitrosation
sites in proteins found two potential motifs with lysine at + 6 and + 7
[87] and a structural analysis of cysteine S-nitrosation sites found lysine
at position + 3 and threonine at + 5 with moderate frequency [49].
The presence of a lysine residue near the target Cys is also common to
human proteins S-nitrosation motifs [42]. A study that combined se-
quence, structure, and electrostatic approaches predicted that Thr, its
hydroxyl group, and hydrogen-bonding capabilities play an important
role in Cys deprotonation and reactivity [70]. Hence, our results with
Lys or Thr upstream of Cys fit in with the current structural landscape of
redox sensitive Cys's, where some signatures have been put forward but
evidences for a strong consensus sequence motif has not yet been
achieved.

Two proteins were specifically sensitive to Grx1 silencing, PGAM-
1(Cys'®®) and PRDX6(Cys®"). Alignment of both Cys-peptides showed a
striking conservation score around the affected Cys stressing their as-
signment as Grx1 targets (Fig. 3C). These Cys's are positioned in a coil
in the protein structure with 3.78% and 4.00% solvent accessibility,
respectively, and are enriched in acidic residues around the central

cysteine. They fit in the Homo sapiens HCO5 group glutathionylation
motif as catalogued at dbGSH (http://csb.cse.yzu.edu.tw/dbGSH).
PRDX6 is 1-Cys peroxiredoxin with prominent features as it depends on
GSH and GST-Pi for peroxidase activity and also has phospholipase A2
(PLA2) activity, which plays a role for activation of NADPH oxidase 1
and 2 (NOX1, NOX2) [17,41]. The Grx-dependent redox modified Cys
at position 91 is not the canonical catalytic (“peroxidatic”) cysteine that
lies at position 47 of PRDX6. Cys®! has not been given attention so far
and has been routinely substituted by Ser in the recombinant protein,
supposedly to avoid unwanted thiol oxidation and “shuffling” and to
facilitate handling. Further experiments have been undertaken to find
out whether the Grx-specific redox sensitivity of PRDX6 Cys® plays a
role on any of the protein functions.

3.2.4. Part of the observed cysteine redox changes were due to direct S-
nitrosation

As determined previously [21], NOS3 overexpression not only in-
creases the levels of NO but those of other ROS as well, so reversible
oxidation of Cys residues could be due to S-nitrosation or other types of
oxidative modifications induced by ROS. To ascertain whether S-ni-
trosation was actually taking place, we have carried out the Biotin
Switch Technique (BST). We have limited this analysis to siRNA-Trx1
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P08238 Heat shock protein HSP 90-beta LVSSPCCIVTSTYGWTANMER 589-590 1,088 0,992 [ %-‘ > _
P11766 Alcohol dehydrogenase class-3 AGDTVIPLYIPQCGECK 97-100 =5 9 ;s ¥ g ¥
P31939 Bifunctional purine biosynthesis protein PL MSSFGDFVALSDVCDVPTAK 325 0,863
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075369 Filamin-B VDIQTEDLEDGTCK 2057 Q
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Q5TeW1 Heter nuclear rib | otein GSDFDCELR 145 0,947 T oY T ¥ $ 9 ¥ ? ?
P14618 Pyruvate kinase AEGSDVANAVLDGADCIMLSGETAK 358 1218 0,775 0678 =
P30041 Peroxiredoxin-6 DINAYNCEEPTEK 91 1,201 1,000 0,974 A
Q15691 Microtubule-associated protein RP/EB fam NIELICQENEGENDPVLQR 228 ND
Q71UMS 40S ribosomal protein S2-like LTEGCSFR 77 1,146 0,749 1,159
P34932 Heat shock 70 kDa protein 4 LSQECEK 270 3.
P63244 Receptor of-activated protein C kinase 1  FSPNSSNPIIVSCGWDK 168 g —
P28838 Cytosol aminopeptidase LNLPINIIGLAPLCENMPSGK 335 °,’ o -,' s :: g' 9 FE3 2
F8WC84 55 kDa erythrocyte membrane protein SRPEAGPLVLWCK 42
P00367 dehydi 1, mitochondria IIKPCNHVLSLSFPIR 112 1,000 1,253
Q9BRF8 Serine/threonine-| protem phosphatase CPP AIPLVLVSGNHDIGNTPTAETVEEFCR 143 1,000 ND
Q9Y3us 60S ribosomal protein L36 EVCGFAPYER 48 ND 1,233 ND
P04350 Tubulin beta-4A chain NMMAACDPR 303 1,000 1,159
Q55781 Tubulin beta chain LTTPTYGDLNHLVSATMSGVTTCLR 239 1,000 0,774 1,000
Q14974 Importin subunit beta-1 IQFNDLQSLLCATLQNVLR 585 ND
P09429 High mobility group protein B1 RPPSAFFLFCSEYRPK 106 1,000 1,000 C)
P63244 Receptor of-activated protein C kinase 1  VWNLANCK 182
Q9UKz4 Teneurin-1 TIHLMHDGFICTIR 2011 10
P63241 Eukaryotic translation initiation factor 5A-1 YEDICPSTHNMDVPNIK 73 sp/P18669/PGAMI_HUMAN/1-17 LT D(ll LPS silk 1'- 1A
Q9Y678 Coatomer subunit gamma-1 ELAPAVSVLQLFCSSPK 296 $p/P30041/PRDX6_HUMAN/1-17 SKB | NA.N EPTEKLP
P36776 Lon protease homolog, mitochondrial DGPSAGCTIVTALLSLAMGRPVR 858 ND 0,841 ND
Q6P2D8 X-ray radiation resistance-associated prote LSNPSCFASLAGL 244 ND ND
QY678 Coatomer subunit gamma-1 DSPLFDFIESCLR 258 ND 0,931 ND Conservation '_._l_._l_l
P62280 405 ribosomal protein S11 DVQIGDIVTVGECRPLSK 131 - 1,000 1,000 1,000 . _
P49773 Histidine triad nucleotide binding protein 1 CLAFHDISPQAPTHFLVIPK 38 ND 1,000 ND 4 4 B bt
P05388 60S acidic ribosomal protein PO AGAIAPCEVTVPAQNTGLGPEK 119 ND ND 1,000
P07900 Heat shock protein HSP 90-alpha LVTSPCCIVTSTYGWTANMER 597-598 1,000 1,000 1,045 Quality ' ‘ I I I I
P27348 14-3-3 protein theta YLAEVACGDDR 134 1,000 1,000
P09651 Heter nuclear i otein. YHTVNGHNCEVR 175 1,000 1,000
Q04828 Aldo-keto reductase family 1 member C1 LLDFCK 206 1,000 1,000 1,000
Q8NAS56 Tetratricopeptide repeat protein 29 SLNLLACESLLR 230 ND ND ND Consensus
P07339 Cathepsin D EGCEAIVDTGTSLMVGPVDEVR 290 ND ND ND
P07741 Adenine phosphoribosyltransferase VVVVDDLLATGGTMNAACELLGR 140 ND 1,000 ND 4+ +++++CE+++++++
P39023 60S ribosomal protein L3 VACIGAWHPAR 251 ND 1,000 ND
P12814 Alpha-actinin-1 MVSDINNAWGCLEQVEK 370 1,000 1,000 1,000

Fig. 3. Changes in the reduced/oxidized ratio of specific Cys on target proteins upon Trx1 and Grx1 silencing. A) The UniProt ID and name of the protein, the
sequence of the Cys-peptide and the position of the Cys residue affected are shown together with the redox change observed expressed as fold change of the CyS;eq/

Cys,x ratio relative to the non-silenced cells. Oxidative changes are colored red and reductive changes are green. Only proteins showing fold changes =

1.50r < 0.66

are included. All the values are statistically significant according to their q value (Storey & Tibshirani). Cells colored yellow with a value of 1.00 represent non-
significant changes; ND, peptide not detected. B) Putative consensus sequences of Trx1 and Grx1 related sensitive Cys-peptides; the sequences of the peptides
showing significant redox changes upon Trx1 or Grx1 silencing in WT and NOS3-overexpressing HepG2 cells were subjected to Motif-X ([10]; http://motif-x.med.
harvard.edu) with the following parameters: central character “C”, width “13”, occurrences “20”, significance “0.0001”, background “ipi. HUMAN.fasta”; motif
scores for logos 1, 2 and 3 were 8.57, 6.30 and 4.86, respectively. C) Two Cys peptides specifically sensitive towards Grx1l but not Trx1 belonging to Phos-
phoglyceromutase-1(Cys153) and Peroxiredoxin-6(Cys91) were highly conserved as shown by pairwise alignment with a 17 residue window around the sensitive
Cys, matrix EBLOSUM62, gap penalty 2; a very high conservation score was found with 2 identities (11.8%) and 6 similarities (35.3%).

treated cells, since Trx1 is well-known to display denitrosase activity.

Analysis of total biotinylated proteins by Western blotting showed
clear differences between control and NOS3 overexpressing HepG2 cells
as expected. When we compared Trx1 silenced cells with their control,
no significant differences were detected at the level of total protein, but
interestingly clear differences were found in band patterns indicating
changes in S-nitrosated Cys's at the level of individual proteins: some
proteins increased while others decreased upon Trx1 silencing
(Fig. 4A). These results are in agreement with the finding that several
proteins underwent a significant reductive shift on their key Cys's
(Fig. 3).

To test individual proteins, PRDX6, PKM2, caspase-3, NOS3 and
Trx1 were chosen to analyze their nitrosation state on Trx1 silencing by
the BST as shown in Fig. 4B and C. All five proteins were captured with
the BST, indicating that they are targets of S-nitrosation. Despite the
high variability of the technique, a clear trend was observed in 4TO-
NOS cells showing higher amounts of S-nitrosated PRDX6 and PKM in
Trx1-silenced cells than in control cells. This trend was also observed in
4TO and in normal HepG2 cells (not shown). PRDX6 and PKM are likely
substrates of Trx1 denitrosase activity, although the involved cysteines
cannot be mapped with this technique and we cannot tell whether the
S-nitrosated Cys are Cys®! or Cys*” in PRDX6 and Cys>>® or another Cys

in PKM. The peptide containing peroxidatic Cys*’ of PRDX6 was not
detected in any of our samples. We have previous experience on the
difficulty of detecting this tryptic peptide [65], but it was detected
using different technical tools in another study where Cys*” was actu-
ally more oxidized in sciatic nerve of old compared to young mice [56].
Since we have found that the “extra” Cys®! of PRDX6 is not sensitive to
Trx1 but to Grx1 silencing (Fig. 3), which has no denitrosase activity, it
is tempting to conclude that Cys*” might be target of S-nitrosation in a
Trx1-dependent manner while Cys®! might be a Grx1-dependent target
of glutathionylation. A preliminary mass spectrometric analysis of re-
combinant PRDX6 showed that both Cys47 and Cys91 are liable to
spontaneous reversible glutahionylation (Suppl. Fig. 1). These data
open the door to interesting insights into PRDX6 molecular properties
and functions.

Redox sensitivity of PKM2 Cys®>® has been reported before [2,53],
however the identity of its redox reversible modification was not de-
termined. Our data show higher S-nitrosation levels of PKM2 in Trx1
silenced cells in parallel with reversible oxidative modification of
Cys>®® suggesting PKM2 as target of Trx1 denitrosase activity. On the
other hand, caspase-3, Trx1 and NOS3 itself, were S-nitrosated in NOS3
overexpressing cells, apparently to a lesser extent when Trx1 was si-
lenced (Fig. 3C).
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These results confirm that S-nitrosation contributes to redox
changes taking place on target Cys's in HepG2 cells depending on the
overexpression of NOS3 and affected by the prevailing levels of Trx1.

3.2.5. Proteins with redoxin-sensitive cysteines are abundant in Glycolysis

Clustering of redox sensitive proteins with DAVID [33,34] revealed
a significant enrichment in Glycolysis in either normal or NOS3 over-
expressing HepG2 cells for both redoxins, but with higher score for
Grx1 silencing. Enzymes belonging to Glycolysis or its branching
pathways affected by thiol redox changes upon Tx1 or Grx1 silencing or
upon overexpression of NOS3 are listed in Fig. 5A and are shown in
context schematically in Fig. 5B.

3.2.5.1. Glyceraldehyde-3-phosphate dehydrogenase. The peptide
containing Cys'®2/Cys!®® of GAPDH was markedly more oxidized in

NOS3 overexpressing cells. Cys'>? is part of the active site and its

oxidation renders the enzyme inactive [25,61]. We confirmed that
GAPDH activity decreased in NOS3 overexpressing HepG2 -cells
(Fig. 5C). Silencing of Trx1 or Grx1 in normal HepG2 cells did result
in diminished levels of GAPDH activity as expected, but this loss
correlated with oxidation of another Cys residue, Cys>*’, and not with
the redox state of Cys'®*/'%¢, that did not change (Fig. 5A). GAPDH
Cys**” was indeed more oxidized in Trx1 and Grx1 down-regulated WT
cells, but more reduced in NOS3 overexpressing cells when Trx1 was
silenced. Reversible S-thiolation of GAPDH was earlier reported [73]
and since then Cys>%” or its equivalent has been mapped and found to
be S-glutathionylated, S-nitrosated and S-acetylated [24] even in plants
[31, as well as a predicted target of Trx trans-nitrosation [86].

It would seem that GAPDH-C?*7 is prone to oxidative modification
by nitrosation or glutathionylation under the prevailing redox cellular
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environment in normal HepG2 cells and to its reversal by either Trx or
Grx, respectively. When this fragile equilibrium is displaced by down
regulation of either redoxin, the oxidative state of Cys247 increases.
However, as discussed in Section 2b, decreasing the levels of Trx1 by
specific siRNA in NOS3 overexpressing cells should result in higher
levels of redox modified NOS3, lower NOS3 activity and lower GAPDH-
C?* nitrosation levels. The levels of nitro-Tyr, an indication of ROS and
RNS, did actually decrease down to 50% on either redoxin silencing
[22]. This would explain the reductive shift in GAPDH-C?¥.

Besides its conventional metabolic role, a number of studies have
identified the participation of GAPDH in diverse cellular functions and
these oxidative changes not only affect its glycolytic function but also
stimulate the participation of GAPDH in cell death [11,25]. Our find-
ings point to Cys**” as a sensitive target of the antioxidant activity of
Trx1 and Grx1 in WT cells with consequences on its enzymatic activity.

The rational to explain the decrease in activity of GAPDH would be
that it is rewarding for the cells to slow down the glycolytic flux at this
point to facilitate upstream diversion of glucose catabolism toward the
Pentose Phosphate Pathway (PPP) and to increase NADPH production
in this prevalent oxidative environment. However, it has yet to be de-
monstrated whether inactivation of GAPDH is reflected directly in
slowing down of glycolytic flux. Actually, we have observed that in-
activation of GAPDH in siRNA-Trx1 treated cells is paralleled by an
increase in glycolytic flux (Fig. 5C). Alterations in glycolytic enzymes
can regulate autophagy e.g. the moonlighting behaviour of GAPDH
enables its direct interaction with mTOR [58] or translocate to the
nucleus and upregulate Atgl2 [11], both mechanisms being related to
the activation of autophagic process. siTrxl and siGrxl increased

caspase-3 and TUNEL in 4TO and 4TO-NOS3 cells [22] and increased
the oxidative status of the heat shock 70 kDa protein 4 (HspA4) Cys?”°
(Fig. 3A), an interactor with HspA8 (heat shock cognate 71 protein),
which drives chaperone-mediated autophagy [13]. Redox changes at
target cysteines in GAPDH and HspA4 suggest that Trx1 and Grx1 sig-
naling promoted a shift from autophagic survival to apoptotic pathway.

3.2.5.2. Phosphoglyceromutase-1. (PGAM1) Cys'>® was more oxidized
in WT cells when Grxl was down-regulated. PGAM1 is commonly
upregulated in human cancers and regulates anabolic biosynthesis by
controlling intracellular levels of 3-phosphoglycerate (3-PG) and 2-
phosphoglycerate (2-PG) to promote tumor growth [28]. Both 3-PG and
2-PG are allosteric regulators of glycolytic branching pathways: 3-PG
inhibits 6-phosphogluconate dehydrogenase (6PGD) of PPP, whereas 2-
PG activates phosphoglycerate dehydrogenase (PHGDH) of glycine and
serine synthesis pathway. It is worth noting that activation of PGAM1
by phosphorylation at Tyr®®, common in human cancer cells, promotes
cell proliferation and tumor growth [29]. Cys'®® is not close to the
active site but it has been noted that proteomes of Cys PTMs have
localized these modifications primarily in non-catalytic regions [24].
Moreover, Cys'>® is in the same region of the protein as Tyr®® and
Lys'®. It has been demonstrated that increased levels of ROS stimulate
PGAM Lys'® deacetylation and activity by promoting its interaction
with SIRT2 [88]; its modification by oxidation could equally affect its
activity or even the phosphorylation and acetylation state of Tyr*® and
Lys'% located nearby.

Cellular response to oxidative stress are mediated by the HIF-1a,
which is required for the upregulation of mRNAs encoding glucose
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transporters and glycolytic enzymes, with the notable exception of
PGAM [37], indicating a possible postranscriptional regulatory me-
chanism. Sensitivity of PGAM1 activity to thiol specific reagents was
initially reported for the rabbit enzyme [66], but to our knowledge, this
is the first time that a Grx1-dependent redox change is observed and
mapped to Cys'>® suggesting a novel form of regulation that could
contribute to modulation of glycolytic flux for biosynthetic and anti-
oxidant purposes in response to the redox environment.

3.2.5.3. Pyruvate Kinase. PKM2 (P14618-1) behaves similarly: its
Cys>® is close to the allosteric activator fructose-1,6-bisphosphate
(FBP) binding site and is sensitive to oxidative stress [2,53]. It has
been shown that ROS-dependent inhibition of PKM2 is needed to
maintain the availability of glucose-6-phosphate (G-6-P) for flux into
the PPP and to sustain cell survival when endogenous ROS accumulate.
Regulation of PKM2 via oxidation of Cys®*® is critical under these
conditions for optimal tumor growth [2]. Coherent with this, we show
here that NOS3 overexpression oxidizes Cys>*® accompanied by a
significant decrease in activity (Fig. 5C). Cys>®® is further oxidized
when Trxl is down-regulated, but surprisingly, PKM activity is
significantly recovered to the same level as in siRNA-Trx1 treated
control cells (Fig. 5C). An increase in the PKM1/PKM2 isoenzyme ratio
induced by redox regulation of splicing events as reported in hepatoma
cells [84] would explain this result. These data demonstrate the
complexity of Trx1 involvement in maintaining the redox state of this
Cys>*® and the activity of this critical enzyme.

3.2.5.4. Enolase. Cys''® of Alpha-enolase is sensitive to oxidative
conditions in NOS3 cells and is a target of Grx1 antioxidant activity
in WT cells (Fig. 5A). This cysteine was found to be reactive toward
mercury resin specific for Cys-SNO [24] and its glutathionylation in SH-
SY5Y neuroblastoma cells resulted in loss of enzymatic activity [36].
Further studies will confirm the regulatory role of this Grx1 dependent
redox change of a-Enolase Cys'*°.

3.2.5.5. Triose phosphate isomerase. TPI Cys*>> was more reduced when
either Trx1 or Grx1l were silenced in NOS3 cells (Fig. 5A). TPI from
several organisms has been shown to be regulated by redox changes
involving glutathione at a cysteine equivalent to human Cys**°. The
equivalent Cys in P. falciparum TPI, Cys>'7, is located at the interphase
of a complex formed between TPI and Trx [74], whereas A. thaliana TPI
is inactivated by glutathionylation at Cys*'® in a manner reverted by
Grx [14]. Our results agree with these showing a significant decrease in
TPI activity when Grx1 is silenced in control cells. However, silencing
of either Trxl or Grxl in NOS3 overexpressing cells increased the
activity of TPI in parallel with reduction of Cys*>°, a likely consequence
of NOS3 inactivation, as already discussed above. It is tempting to
speculate that TPI Cys®®® could act as a thiol redox switch to help divert
the glycolytic flow from DHAP towards lipid synthesis as part of a
metabolic response to changes in the redox environment [45].

Several enzymes from Glycolysis off-shooting pathways showed
significant redox changes: Lactate dehydrogenase A (LDHA) Cys®°® and
6-phosphogluconate dehydrogenase (PGD) Cys'”%17! were slightly
more oxidized in NOS3 cells; Glutamine-Fructose-6-phosphate amino-
transferase [isomerizing] 1 (GFAT) Cys*** was sensitive to both Trx1
and Grxl down-regulation; and Transaldolase (TALDO) Cys250 was
markedly more reduced in NOS3 cells

Altogether, these data show widespread redox sensitivity of key
cysteines in glycolytic enzymes eventually affecting their activities. The
prominent role played by Trx1 and Grx1 on these thiol redox switches
could be meaningful as part of a pleiotropic redoxin reductive action as
a kind of “redox regulon” [20] to coordinate an integrated response to
ROS that would balance pyruvate and NADPH production and biosyn-
thetic flux diversion (Fig. 5B). However, the precise consequences of
these redoxin-dependent redox changes on metabolic fluxes cannot be
predicted from the changes of individual enzymatic activities [81].
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Knowledge of Flux Control Coefficients of each enzyme would be ne-
cessary and the fluxes through glycolysis branched pathways should
also be taken into account. As a first approach we have measured gly-
colytic metabolic flux and metabolites levels, as described below.

3.3. Glycolytic flux and metabolite profiles were differentially affected by
Trx1 and Grx1 silencing

Glycolytic and Pentose Phosphate Pathway fluxes were determined
using radiolabelled glucose and measuring the formation of [PH]H,O
from [3-*H]glucose during the reaction catalysed by enolase and that of
[*C]CO, from [1-!*C]glucose by 6-phophogluconate dehydrogenase,
respectively. A metabolomic analysis was also undertaken. As shown in
Fig. 5C, Trx1 silencing had a stimulating effect on both pathways in
either NOS3 overexpressing cells and control cells, whereas Grx1 si-
lencing had the opposite effect in all cases. These effects could be a
reflection of the differential action of both redoxins on the redox state
of glycolytic enzymes (see Fig. 5A).

3.3.1. Grx1 silencing slows down Glycolysis and stimulates lipogenesis

The relationships between cysteine redox state, enzymatic activities
and metabolic fluxes are not straightforward, the metabolic profiles in
siRNA-Grx1 treated cells were coherent with lower glycolytic flux
showing increased levels of extracellular and intracellular glucose
(Fig. 6A). Sedoheptulose-7-phosphate (Su7P) accumulated in WT and
NOS3 overexpressing HepG2 cells treated with siRNA-Grx1 (Fig. 6B).
This was accompanied by increased levels of several polyols including
arabitol, xylitol, ribitol, mannitol and sorbitol, indicative of transaldo-
lase (TALDO) malfunctioning [76], and decreased levels of ribose.
These metabolic changes indicate slowing down of glucose processing
through the non-oxidative part of PPP as a consequence of Grx1 silen-
cing. Redox changes detected in TALDO-Cys®*°, 6-phosphogluconate
dehydrogenase (PGD) Cys17%/'”! and TPI-Cys**® could be involved in
the underlying regulatory mechanisms.

Another effect of Grx1 silencing was an increase in 3-phosphogly-
cerate (3PG) and lower levels of pyruvate (Fig. 6C) coincident with
PGAM-Cys'>® oxidation and likely deviation of 3PG toward serine
pathway. Moreover, unchanged or increased levels of citrate and lower
levels of a-ketoglutarate and fumarate (Fig. 6D), might indicate slowing
down of Krebs cycle but deviation of citrate to fatty acid biosynthesis.
Accordingly, elevated levels of acyl-carnitine (Fig. 6H) and de novo
synthesis of phospholipids, was evidenced in siRNA-Grx1 treated cells,
represented by high levels of phosphatidylcholine and the family of 2-
arachidonoyl phospholipids with the exception of phosphatidylserine
(Figs. 6L and 6N). The increase in 2-arachidonoyl phospholipids runs
parallel with oxidation of PRDX6 Cys®' and it is worth noting the
specificity of cytosolic Ca®*-independent PLA2 activity for sn-2-ara-
chidonic acid glycerophospholipids [63], a precursor of eicosanoids,
which represent a class of lipid mediators. Moreover, arachidonic acid
has been shown to mediate the known proliferative action of PRDX6
[72]. These changes speak of active membrane remodeling and/or lipid
signaling events in Grx1 down-regulated cells.

Levels of several intermediary metabolites of purine pathway were
markedly elevated in Grx1 silenced cells with the exception of IMP but
including S-adenosylmethionine (SAM) (Fig. 6G). Elevated levels of
SAM should indicate intensification of the methionine/folate pathway
connected to glutathione synthesis and supplier of NADPH as an al-
ternative to PPP (Fig. 5B). The synthesis of glutathione was actually
exacerbated as indicated by increased levels of gamma-glutamylcys-
teine and cysteinylglycine (Fig. 6F).

3.3.2. Trx1 silencing induces membrane remodeling

There were similarities and differences between the effects of Grx1
and Trx1 silencing in metabolites’ levels. Increased glutathione meta-
bolism (Fig. 6F) and a marked decrease in 3-hydroxy-3-methylglutarate
(Fig. 6M) of mevalonate pathway are among the coincidences, but the
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Fig. 6. Metabolites concentrations in normal and NOS3 overexpressing HepG2 under Trx1 and Grx1 down-regulation. A metabolomics analysis was per-
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figure are part of a larger metabolic study. Extracellular glucose concentration was determined in culture media by a standard method independently of the

metabolomic analysis.

levels of gamma-glutamylaminoacids is higher in siRNA-Grx1 (see
Suppl. File 3) and siRNA-Trx1 did not affect Su7P and glucose levels
(Fig. 6B). Trx silencing elicited trending and significant increases in
dipeptides (see Suppl. File 3) that may reflect increased proteasome-
mediated elimination of oxidized proteins in the setting of oxidative
stress. Increases in protein degradation could suggest Keapl-Nrf2 sig-
naling and increased autophagy. Notably, many of these changes were
not observed in NOS3 overexpressing 4TO_NOS cells.

Trx1 silencing also showed signs of lipid remodeling but differed
from Grxl in promoting a trend of increasing sphingomyelins and
ceramides (Figs. 61 and 6J). Ceramide is involved in apoptotic processes
and in the formation of membrane raft redox signaling platforms
(MRRSP) that participate in the assembly and activation of NOX com-
plexes [62]. These changes are consistent with the pro-apoptotic effect
of Trx and Grx silencing in these cells as we had already reported [22].
The sensitivity of sphingomyelinases to redox changes is a key to the
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cross-talk between sphingolipids and redox signaling through the reg-
ulation of NADPH oxidase, mitochondrial integrity, NOS, and anti-
oxidant enzymes [7]. The trend of sphingomyelins’ pool increase on
Trx1 silencing could have an influence on mitochondrial lipid compo-
sition and integrity. However, cardiolipin, a typical and prominently
functional mitochondrial phospholipid, was not detected. Hence, in-
volvement of mitochondria cannot be excluded and is worth of further
attention.

4. Conclusions

In the cell there is a delicate balance between effective redox sig-
naling mechanisms and potentially damaging oxidative damage.
Oxidative/nitrosative induced PTMs are critical for the accumulation of
redox modified proteins, induction of autophagy, and further cellular
apoptosis in unsolved pathophysiological intracellular responses while
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Fig. 6. (continued)

redox signaling through the transient oxidation/reduction of key Cys
residues in regulatory proteins plays a role in many of the hallmarks of
cancer [31].

The data presented herein show that Trx and/or Grx are involved in
redox modifications of targeted cysteines of several glycolytic enzymes
affecting their activity, although changes in the activity of one single
enzyme cannot be extrapolated to equivalent changes in overall meta-
bolic flux. These changes are part of a widespread adaptive mechanism
aimed at redistributing metabolic fluxes between Glycolysis and its off-
shooting pathways to respond to subtle changes in the cellular redox
environment. Trx and Grx share a number of protein Cys redox targets
but down regulation of either redoxin has markedly different metabolic
outcomes: silencing of Trx1 stimulates glycolytic flux while silencing of
Grx1 decelerates it.

Besides its canonical antioxidant action, Trx1 also contributes to
oxidative modifications of protein thiols, likely by activation of NOS3,
reflecting the delicate sensitivity of redox equilibrium to changes in any
of the elements involved and the difficulty of forecasting metabolic
responses to redox environmental changes.

A correlation can be put forward between the reversible oxidation of
Cys91 of PRDX6 upon Grxl1 silencing that is accompanied by a sig-
nificative increase of sn-2-arachidonoyl containing phospholipids and
Cys91 sensitivity to glutathionylation, considering the well-known de-
glutathionylase activity of Grx.

To our knowledge, this is the first demonstration of a role for Grx1
and Trx1 in the crosstalk between lipids metabolism and redox sig-
naling. Further and deeper insights into the underlying mechanisms, i.e.
possible involvement of PRDX6 and Nrf2 signaling [40], CD95 ligand or
TNFa induced activation of sphingomyelinases and ceramide induced
MRRSP activation of NOX [18], etc., are expected to be discovered with
ongoing focused experiments.
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Abstract: Peroxiredoxin 6 (Prdx6) is the only member of 1-Cys subfamily of peroxiredoxins in
human cells. It is the only Prdx acting on phospholipid hydroperoxides possessing two additional
sites with phospholipase A2 (PLA2) and lysophosphatidylcholine-acyl transferase (LPCAT)
activities. There are contrasting reports on the roles and mechanisms of multifunctional Prdx6 in
several pathologies and on its sensitivity to, and influence on, the redox environment. We have
down-regulated Prdx6 with specific siRNA in hepatoblastoma HepG2 cells to study its role in cell
proliferation, redox homeostasis, and metabolic programming. Cell proliferation and cell number
decreased while cell volume increased; import of glucose and nucleotide biosynthesis also
diminished while polyamines, phospholipids, and most glycolipids increased. A proteomic
quantitative analysis suggested changes in membrane arrangement and vesicle trafficking as well
as redox changes in enzymes of carbon and glutathione metabolism, pentose-phosphate pathway,
citrate cycle, fatty acid metabolism, biosynthesis of aminoacids, and Glycolysis/Gluconeogenesis.
Specific redox changes in Hexokinase-2 (HK2), Prdx6, intracellular chloride ion channel-1 (CLIC1),
PEP-carboxykinase-2 (PCK2), and 3-phosphoglycerate dehydrogenase (PHGDH) are compatible
with the metabolic remodeling toward a predominant gluconeogenic flow from aminoacids with
diversion at 3-phospohglycerate toward serine and other biosynthetic pathways thereon and with
cell cycle arrest at G1/S transition.

Keywords: Peroxiredoxin; thiol redox regulation; redox proteome; redox homeostasis; lipid
metabolism; cell cycle

1. Introduction

Peroxiredoxins (Prdx) are ubiquitous, abundant, and highly conserved enzymes whose main
function is to catalyze the reduction of peroxides, taking part in the antioxidant battle of cells against
ROS. They all possess a catalytic or “peroxidatic” Cys residue that acts as a hydrogen donor to the
peroxide substrate and have been classified in six subfamilies, of which three are present in
mammalian cells [1]. Human Prdx1 to Prdx4 belong to the “typical 2-Cys type” and Prdx5 belongs to
the “atypical 2-Cys” subfamily. They have a second “resolving” Cys that plays a critical role in the
catalytic cycle and is then reduced by thioredoxin (Trx). Human Prdx6 belongs to the “1-Cys”
subfamily, which, unlike the other members of the Prdx family, does not possess a “resolving Cys”
and may substitute Trx by glutathione in the final step of the catalytic cycle [2-5]. Mouse and human
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Prdx6 have an additional non-conserved Cys residue (Cys91 in human) with a so far unknown
function.

Several members of the Prdx family are moonlighting proteins that have acquired additional
functions during evolution. For instance, some Prdx of the 2-Cys subfamily can form oligomers with
chaperone activity when overoxidized [6] or can act as sensors and transmitters of H20: signaling
[7]. Prdx6 is peculiar and stands out from the rest of Prdx for its multiple functions. It is the only
Prdx acting on phospholipid hydroperoxides and has two additional catalytic sites: one is
responsible for acidic calcium-independent phospholipase A2 activity (PLA2) [8] and the other
displays lysophosphatidylcholine acyl transferase (LPCAT) activity [9]. It has been proposed that
these outstanding properties confer on Prdx6 the capacity to fulfill important functions associated
with phospholipid turnover and membrane repair [10]. Posttranslational modifications and changes
in subcellular localization regulate the actions of Prdx6. Phosphorylation of Thr177 by MAPK [11]
and overoxidation of peroxidatic Cys47 [12,13] stimulate the PLA2 activity. Prdx6 is present in the
cytoplasm but can translocate to the plasma and mitochondrial membranes and can also associate
with lysosomal-type organelles [14,15]. Association of Prdx6 with plasma membrane contributes to
NADPH (reduced nicotinamide adenine dinucleotide phosphate) oxidase (NOX1, NOX2) activity
[16] and translocation to the mitochondria takes part in the initiation of mitophagy [15].

Its multiple functionality makes Prdx6 an important player in cell physiology and pathology
[17,18] and both peroxidase and PLA2 activities have been associated with tumor progression [19]
and dopaminergic neuron degeneration [20]. However, contrasting findings have been reported
concerning its roles in cancer. Down-regulation of Prdx6 with specific siRNA decreased proliferation
and induced apoptosis in canine haemangiosarcoma cells [21], whereas overexpression of Prdx6
attenuated apoptosis in ovarian cancer cells [22] and promoted growth of lung tumors in mice
through activation of JAK2/STATS3 signaling [23]. It has also been reported that Prdx6 either enhance
tumor multiplicity or reduce tumor number in mice skin cells, depending on the stage of tumor
development [24]. Both peroxidase and PLA2 activities of Prdx6 were required for tumor
development in xenografted mice lung in a process dependent on arachidonic acid (AA) release [25].
AA production and NOX2 activation was also involved in stimulation of metastasis by Prdx6 PLA2
activity in several cancer models [25,26], although in another study, NOX2 activation was shown to
proceed through Prdx6 mediated lysophosphatidic acid (LPA) receptor activation [27]. Prdx6 has
also been related to pathogenesis of cardiometabolic diseases [17] and inflammatory diseases with
contrasting roles of peroxidase and PLA2 activities [18].

In a recent study, we have found that weakening the cell’s antioxidant potential by
experimental down-regulation of glutaredoxin 1 (Grx1) in HepG2 cells affects the phospholipid
metabolism and the redox state of Prdx6 “extra residue” Cys91 [28]. In view of the above-outlined
background of contrasting reports on the roles and mechanisms of multifunctional Prdx6 in several
pathologies and its sensitivity to the redox environment, we have undertaken a project based on
down-regulating Prdx6 with specific siRNA in hepatoblastoma HepG2 cells to study the role of
Prdx6 in cell proliferation, redox homeostasis and metabolic programming. Silencing with specific
siRNA provides a good experimental approach to mimic physiological down-regulation events that
may occur as part of a cell response to various stimuli. We have found that the cells respond to Prdx6
silencing by adapting carbon and lipid metabolism and by modulating signaling pathways to stop
cell cycle progression at the G1/S phase transition.

2. Materials and Methods

2.1. Materials and Reagents

All reagents were of analytical grade and were purchased from Sigma (St. Louis, Missouri,
USA) unless otherwise specified. HepG2 cell line used in this work was obtained from the ATCC
LGC Standards Company (Teddington, UK). Cell culture dishes and flasks were from TPP
(Switzerland). The specific small interfering RNA for PRDX6 (siRNAPrdx6) and non-target (NT)
were from Dharmacon (Lafayette, CO, USA) and ECL was from GE Healthcare (Wauwatosa,
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Wisconsin, USA). Antibodies against PRDX6 were from Abcam (Cambridge, UK). Antibodies
against CD95 were from Santa Cruz Biotechnology, (Dallas, TX, USA). Antibodies against Actin
were from Sigma.

2.2. Cell Growth Conditions, Proliferation and Cell Viability

Cells were grown in EMEM Medium (Eagle Minimum Essential Medium), pH 7.4, supplemented
with 10% fetal bovine serum, 2.2 g/L. NaHCO3, 1 mM sodium pyruvate, 100 U/L penicillin, 100
pg/mL streptomycin, and 0.25 pg/mL amphotericin in 5% CO2 atmosphere at 37 °C. Cell
proliferation was analyzed using a colorimetric ELISA (Roche Applied Science, Penzberg,
Germany). 20,000 cells/cm? were cultured in 96-well multiplates at 37 °C and 5% CO:. 72h after
siRNAPrx6 addition HepG2 cells were incubated with 10 uM BrdU labeling solution for 6h at 37 °C.
Then cells were fixed with 200 pl of FixDenat solution for 30 min at room temperature. From this
point, the incubations were done at room temperature. After this time, fixed cells were incubated
with 100 pl of anti-BrdU-POD solution with a previous dilution of 1: 100 for 90 min, and washed
with PBS. Finally, fixed cells were incubated with 100 pl of substrate solution for 30 min. Total
number of cells and cell viability in a HepG2 cell suspension were quantified using the trypan blue
dye exclusion method in 90 mm dishes.

2.3. Silencing of Prdx6

Human Prdx6 was down-regulated in HepG2 cells using a specific pool of four small
interfering RNA (Ref. L-019173-00-0005) according to the manufacturer’s recommendations
(Dharmacon, GE Healthcare, Life Science). 20,000 cells/cm? were cultured in dishes and treated with
25 nmol of siRNA mixed with the transfection reagent DharmaFECT-1 preincubated with culture
medium (antibiotic and serum free) for 20 min at RT, in a 1:2 proportion and the interference
solution was kept for 72 h to obtain the maximum inhibition of ~60%. Non-targeting (NT) negative
controls were run in parallel. Silencing of Prxd6 was always checked by Western blot.

2.4. Measurement of Cell Death and Area of Cell Nuclei

Apoptosis in HepG2 cells was analyzed through Annexin V-FITC (Canvax, Cérdoba, Spain).
Annexin-V binds to phosphatidylserine (PS) residues which are on the outer plasma membrane of
apoptotic cells. Annexin-V is labeled with the fluorophore FITC to visualize apoptotic cells by
fluorescent microscopy. 20,000 cells/cm? were cultured on a coverslip introduced in each well of a
24-well plate at 37 °C and 5% CO2. 2.5 ul of Annexin-V-FITC was added after siRNAPrdx6 following
the instructions of the manufacturer. Then, cells were fixed in methanol and permeabilized with
0.2% Triton-X100 solution in PBS. Cells nuclei were stained using DAPI. Fluorescence was measured
with a fluorescence microscope (Olympus BX43) using standard fluorescein filter set to view
Annexin-V-FITC fluorescence at 520 nm and view blue DAPI at 460 nm. The area of cell nuclei was
measured on the DAPI pictures using the open source software “Image]” [29].

2.5. Measurement of Enzymatic Activities, Glucose and Protein

HepG2 PLA2 activity was assayed using the Red/Green BODIPY based EnzChek
Phospholipase A2 Assay (Invitrogen) (pH 7.0, in the absence of calcium) in 96-well plates [30]. Cells
were sonicated (4 x 5 s) in PLA2 buffer (50 mM Tris-HCl, 1 mM EGTA, pH 7.0) supplemented with
protease and phosphatase inhibitors, and the supernatant collected by centrifugation at 15,000 xg for
15 min was adjusted to = 50 pg protein and preincubated for 10 min at 37 °C in the absence or
presence of MJ33 (10 uM) [31]. At 60 min, samples were analyzed in a Microplate reader (Varioskan,
Thermo Scientific) at an excitation of 460 nm and emissions of 515 nm. Background was subtracted
and the +M]J33 differential 515 nm emission were recorded. Caspase-3, caspase-8, and caspase-9
associated activities were determined using the corresponding fluorescence peptide-based
substrates (100 uM) in the reaction mixture (50 mM HEPES pH?7.5, 100 mM NacCl, 10% sucrose, 0.1%
Chaps, 1 mM EDTA and 5 mM DTT). The substrates used were Ac-DEVD-AFC, Ac-LETD-AFC, and
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Ac-LEHD- AFC for caspase-3, -8, and -9, respectively. The fluorescence due to the reaction product
was recorded with a GENIos Microplate Reader (TECAN) set at 400 nm excitation and 505 nm
emission. Glucose concentration in the culture medium was determined by a standard enzymatic
colorimetric assay at 505 nm (LabKit, Chemelex, S.A.). Protein concentration in the samples was
determined by the Bradford method (Bio-Rad) using BSA as the standard.

2.6. Proteomics

2.6.1. Sample Preparation and Mass Spectrometry

The experiments were routinely carried out at 20,000 cells/cm2 and a modification of the
methodological strategy described previously [28] was used. Reduced cysteines were blocked with
“light” lodoacetamide (IAM) while reversibly oxidized Cys were labeled with “heavy” IAM
(Iodoacetamide-13C2, 2d2) incorporating Amass of 4 Da. Cell extracts were obtained with a lysis
solution (50 mMTris-HCl pH 8.5, 5 mM IAM light, 0.5% CHAPS, 1 mM PMSF); samples were
centrifuged at 15,000g for 5 min at 4 °C. 100 pg of protein were diluted up to 80 pl with 50 mM
Tris-HCI pH 8.5 and incubated with 4 uL of 160 mM DTT at 37 °C for 30 min to reduce the reversibly
oxidized cysteines. Subsequently, cysteines were alkylated adding 6 uL of 240 mM IAM heavy and
incubated at room temperature for 30 min in darkness. Finally, the excess of IAM and CHAPS was
removed using Zeba spin desalting columns (Thermo Scientific) equilibrated with 25 mM
ammonium bicarbonate pH 7.0. The level of silencing was checked at this point by SDS-PAGE.

Proteolytic digestion and proteomic analyses were performed as described previously [28]. The
spectrometer used was the Thermo Orbitrap Fusion (Q-OT-qIT, Thermo Scientific) equipped with a
nano-UHLC Ultimate 3000 (Dionex-Thermo Scientifics).

2.6.2. Label-Free MS Protein and Redox Quantification

The “label-free” quantification was performed using the MaxQuant (v1.5.7.0) free software [32]
configuring “light” IAM and “heavy” IAM and methionine oxidation as variable modifications. No
imputation of missing values was implemented. Finally, only the conditions with three or more
values per identification were considered and analyzed using a Student’s T-test. The criteria for
considering a differentially expressed protein were that it was identified and quantified using at
least two unique peptides and it showed a fold change of at least 1.5 and a p < 0.05 value. MS2
spectra were searched with SEQUEST engine against a database of Uniprot_Human_Nov2014
(www.uniprot.org). The Cys-containing peptides labeled with light and heavy IAM modifications
independently were quantified using the open software Skyline [33]. The individual
reduced/oxidized ratio for specific Cys residues was calculated in each sample in order to obtain the
redox proteome. The intensities of misscleavaged peptides were taken into account for the
calculations.

2.7. Metabolomics

The metabolomic study is part of a larger study and the analyses were performed at Metabolon,
NC USA (www.metabolon.com). The samples from four different experiments were prepared
following the company specific guidelines as described before [28]. Briefly, dry cell pellets were
immediately frozen in liquid nitrogen and stored at —80 °C until shipment. Samples were prepared
using the automated MicroLab STAR® system from Hamilton Company. To remove protein,
dissociate small molecules bound to protein or trapped in the precipitated protein matrix, and to
recover chemically diverse metabolites, proteins were precipitated with methanol under vigorous
shaking for 2 min (Glen Mills GenoGrinder 2000) followed by centrifugation. The resulting extract
was divided into five fractions: two for analysis by two separate reverse phase (RP)/UPLC-MS/MS
methods with positive ion mode electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS
with negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI,
and one sample was reserved for backup. Extraction of raw data, peak identification and
quantification, and QC were performed using Metabolon’s hardware and software.
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2.8. SDS-PAGE and Western Blotting

SDS-PAGE was performed in 12% Criterium XT Precast Gels (Bio-Rad) for detection of specific
proteins (Prdx6, CD95, Actin). After electrophoresis, proteins were transferred to a nitrocellulose
membrane in a semi-dry electrophoretic transfer system (Bio-Rad) for 40 min at 400 mA constant.
Transfer and protein load were checked by staining with Ponceau reagent. The membranes were
incubated overnight at 4 °C with the corresponding dilutions of primary antibodies: 1:500 CD95,
1:2000 Prdx6, and 1:4000 Actin. They were then washed with TBS-T and incubated with the
corresponding secondary antibodies conjugated to peroxidase (anti-rabbit, anti-goat, or anti-mouse)
used at 1:8000 dilution. The chemiluminescent signal induced by ECL reagent (GE Healthcare) was
detected in a ChemiDoc image analyzer (Bio-Rad) and quantified by densitometry with
Quantity-One 1-D analysis software (Bio-Rad) using Actin as reference for loading normalization.

2.9. Statistics

Where appropriate, results are expressed as mean * SD of at least three independent
experiments and Student t-test used for significance. Large data sets were analyzed using Storey and
Tibshrani method [34] comparing non-target control vs. siRNA Prdx6 treated. The threshold for
statistically significant differences was set at p-value adjust < 0.05; g-values are also included as an
additional reference.

3. Results and Discussion

3.1. Prdx6 down-Regulation Reduced Cell Proliferation

The peroxidatic Cys47 in Prdx6 is predominantly (> 60%) in a reversibly oxidized state in
HepG2 cells (see data in Supplementary File S2) but its overoxidation would decrease the peroxidase
activity and stimulate the PLA2 activity [13].

It was not possible to measure the Prdx6-specific peroxidase activity in cell lysates, but its
phospholipase A2 activity (PLA2) was determined using a standard fluorimetric assay in the
presence of MJ33, a Prdx6 specific PLA2 inhibitor, as described in Materials and Methods. The assay
gives a high variability and, although the resulting data from five different experiments were not
statistically significant, a trend was observed with lower activity in siRNA-Prdx6 treated cells
(Figure 1A) in parallel with decreased levels of Prdx6 protein by = 60%, as determined by Western
blot and confirmed by mass spectrometry quantitative analysis (See data in Supplementary File 1).

The number of cells and incorporation of BrdU, indicative of the number of cells in the S phase
or proliferation, both decreased after 72 h treatment with siRNA-Prdx6 (Figure 1B,C). Cell viability
did not change in either condition (data not shown), but the size of the cells augmented as evidenced
by a significant increase in nuclear size (Figure 1D). The nuclear size is an important parameter
governing entry into the cell cycle. These results suggest cell cycle blockade induced by Prdx6
down-regulation.
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Figure 1. Effect of Prdx6 silencing on PLA2 activity, cell viability, nuclear area, apoptosis, and CD95
level. (A) Prdx6-dependent PLA2 activity was determined, as described in Materials and Methods, in
cell lysates of HepG2 cells treated with siRNA-Prdx6 or with non-target siRNA (NT) as indicated.
Activity is expressed as arbitrary fluorescence units normalized for protein content. Data are the
mean of 5 independent biological replicates. (B) The number of cells determined as indicated in
M&M. (C) Proliferation in terms of cells entering the S phase was determined by the degree of BrdU
incorporation to replicating DNA and expressed in absorbance units. (D) The nuclear area of cells
was determined as indicated in M&M. >500 cells were measured, from 6 different slides, in each
sample. The area is given in arbitrary units. (E) Apoptosis was determined by the Annexin V
fluorescence method; the number of positive cells relative to the total number of cells in percentage is
represented. (F) CD95 levels were determined by western blotting with specific antibodies and band
density was normalized to the signal for actin. Parameters in (B), (C), (E) and (F) were determined in
three independent experiments; error bars show SD; statistical significance was assessed by
Student’s T-test and is shown with a number of asterisks inversely proportional to the p-value (**** <
0.0001, ** < 0.01, * < 0.05).

3.2. Prdx6 Silencing Interferes with Apoptotic Signaling from CD95 but does not Induce Apoptosis in HepG2
Cells

To check whether the anti-proliferative action of Prdx6 down-regulation could be due to
activation of cell death mechanisms, we analyzed several apoptotic parameters. Prdx6 silencing did
not affect apoptosis significantly in HepG2 cells as shown by Annexin V fluorescence (Figure 1 E),
but did induce a marked decrease in CD95 protein levels (Figure 1F). This effect could not be
associated to caspase modulation, since the levels and activities of caspases 3, 8 and 9 did not change
significantly, although caspase 3 displayed unusually high variability (data not shown). It is well
established that activation of CD95 receptor mediates the induction of apoptosis mostly in the
context of immune response. CD95 is ubiquitously expressed in all types of cells, including cancer
cells, but its expression in cancer cells implies that they are themselves resistant to CD95-mediated
apoptosis [35]. It is now widely accepted that CD95 has multiple non-apoptotic functions and that
stimulation of CD95 in cancer cells can turn this death receptor into tumor promoting receptor [35]
through diverse tumorigenic signaling pathways. In lung cancer cells, activation of CD95 induced
the production of proinflammatory factor PGE2 through the p38 pathway, and promoted cell
growth that was reduced by administration of the cyclooxygenase-2 inhibitor [36]. Interestingly,
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accelerated entry into the cell cycle S-phase by CD95 stimulation was demonstrated in pancreatic
ductal adenocarcinoma cells in vitro in a process not dependent on the DISC (death-inducing
signaling complex) formation but mediated by recruitment of the adapter protein Sck (SH2 domain
protein C2) [37].

Altogether, these results show that the response of HepG2 cells to Prdx6 silencing is rather
complex, with a mixture of apparently contradictory outcomes like CD95 down-regulation but no
changes in caspases and cell swelling. It would be worth determining whether the antiproliferative
action could be due to the blockade of entry into cell cycle S-phase by down-regulation of CD95 and
the possible involvement of signaling events dependent on the PLA2 activity of Prdx6. These aspects
will be discussed below in a wider context including changes at metabolomic, proteomic, and redox
levels.

3.3. Metabolic Remodeling after Prdx6 Silencing

Metabolic remodeling and protein posttranslational modification (PTM) are the first levels of
cellular response to a stimulus before a stable response is set up at the transcriptional level. We
carried out a metabolomic analysis (Supplementary File S3) to determine the possible effect of Prdx6
down regulation in the metabolic profile of HepG2 cells.

3.3.1. Lipids

Lipid metabolism plays a critical role in cell survival and proliferation since these varied
molecules are indispensable for the structural, signaling, and energy needs of every cell.
Phospholipids are synthesized during entry in the cell cycle but the synthesis pauses for cell
division, so that the G1 and S phases are characterized by doubling of phospholipid content [38].

Increased levels of all kinds of phospholipids, lysophospholipids, plasmalogens and ceramides,
with the exception of lactosylceramide, was a marked trend in siRNA-Prdx6 treated cells. A parallel
increase in UDP-glucose and UDP-galactose levels (Figure 2B) is consistent with the enhanced rate
of glycolipids synthesis. CDP-ethanolamine, P-choline and P-ethanolamine of the Kennedy pathway
were particularly elevated. Augmented levels of phosphocholine have been observed in a wide
variety of human cancers, caused in part by the growth factor-activated Ras and
phosphatidylinositol 3-kinase (PI3K) signaling cascades that stimulate the initial enzyme of the
choline branch of the pathway [39]. It would be valuable to know if the elevated levels of these
phospholipid precursors caused by Prdx6 silencing involve this signaling pathway. Increased
phospholipid content could contribute to the observed increase in the cell volume described above
(Figure 1D).
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Figure 2. Summary of significant metabolomic changes. A metabolomic analysis was carried out as

described in Materials and Methods. The fold change (up-regulation, green; down-regulation, red) of

each metabolite level on Prdx6 silencing in HepG2 cells is shown in the first column; the second and

third columns show the p-values and g-values, respectively, for statistical significance; p and
g-values <0.05 are in blue with the color intensity inversely proportional to p- or g-value. The results
have been clustered into three figures and into pathways therein: (A) Metabolites of lipid

metabolism; (B) metabolites of other pathways and (C) metabolites of aminoacids and nucleotides

metabolism. (D) The concentration fold change of extracellular glucose determined by standard

colorimetric methods in three independent experiments (*** p <0.001).

Long chain monoacylglycerols (MAG) were an exception to this trend of increased lipid content
Some MAG are known as endocannabinoids, like 2-arachidonyl-glycerol and it has been recognized
that they have important signaling functions [40]. MAG can form through the action of PLA2 on
phosphatidic acid (PA) while their degradation is carried out by membrane bound MAG hydrolases
of which two types have been described, the ubiquitously expressed serine hydrolase a/B-hydrolase
domain 6 (ABHD6) and classical MAG lipase, a housekeeping enzyme. ABHD6 is expressed at high
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levels in certain tumors and its pharmacological or genetic suppression, which leads to an elevation
in 1- and 2-MAG content in different tissues, appears to have multiple health benefits, likely
mediated via MAG signaling [40]. Only three members of this family of lipases were detected in the
proteomic analysis (ABHD10, ABHD12, and ABHD14B; see data in Supplementary File S1) and none
of them showed significant quantitative changes on Prdx6 silencing, stressing the possible
contribution of Prdx6 PLA2 activity down-regulation to unchanged MAG levels.

Long chain fatty acids decreased in siRNA-Prdx6 treated cells while the levels of carnitine
followed a reciprocal trend (Figure 2A cont.). The accumulation of carnitine is indicative of reduced
entry of long chain fatty acids into the mitochondria for $-oxidation. A natural variant C304—W
(VAR _020548; dbSNP: 1s80356776) of carnitine O-palmitoyltransferase 1 (CPT1A) with pathological
consequences produces an unstable, inactive form of the enzyme [41] stressing the importance of
Cys residues for optimal import of long chain fatty acids into the mitochondria. Redox changes
observed in CPT1A (See Supplementary File S2) could be relevant to these trends in long chain fatty
acid metabolism. Our results show that CPT1A-Cys96 was oxidized (0.3 red/ox ratio fold change; p =
0.005) on siRNA-Prdx6 silencing. Reversible oxidation of CPT1A-Cys96 would slow down fatty acid
3-oxidation in favor of increased biosynthesis and incorporation into phospholipids in siRNA-Prdx6
treated cells.

There could also be a relationship between the levels of unsaturated long chain fatty acids and
PLA2 activity of Prdx6. Early characterization of Prdx6 PLA2 activity showed high activity with
arachidonic acid (AA) containing phospholipids [42,43]. A proapoptotic role of Prdx6 via induction
of AA release by its PLA2 activity has been postulated in human bronchial epithelial cells [44] but
another study found that AA production by PLA2 activity of Prdx6 induced cell proliferation
through activation of Src family kinases in human melanoma cells [26]. These contradictory results
reveal the complexity of Prdx6 action mechanisms and highlight the importance of lipid signaling in
cancer.

3.3.2. Nitrogen Metabolism

A generalized increase in aminoacids, with few exceptions, was observed that could be a
consequence of increased biosynthesis and/or protein degradation. A marked similar trend was
observed for polyamines, a sign of the cells being prepared for proliferation since elevated
polyamine levels, are necessary for transformation and tumor progression [45]. This increment could
also contribute to the above-mentioned increase in cell volume (Figure 1D). It would be worth
checking whether these changes are due to alteration in the PI3/Akt/mTOR pathway.

There was an overall decrease in metabolites of the purine and pyrimidine metabolism
subfamilies, with the exception of adenosine, inosine, and hypoxanthine upon Prdx6 silencing.
These results are indicative of diminished nucleotide biosynthetic activity and activation of adenine
catabolism, although urate was not detected.

3.3.3. Other Metabolites

Several metabolites of the glutathione metabolism subfamily were elevated in siRNA-Prdx6
treated cells likely as a consequence of glutathione demand in the face of diminished antioxidant
defenses. A conspicuous increase of the Glutamate and Serine, Threonine, and Glycine pathways
was also detected at metabolome level reinforcing the idea of metabolic pathways converging on
glutathione synthesis.

Regarding carbon metabolism (Figure 2B), treatment of HepG2 cells with siRNA-Prdx6 lowered
dihydroxyacetone-phosphate (DHAP), pyruvate, ribose, and 2-oxoglutarate («KG) levels whereas
extracellular glucose (Figure 2D), phosphoenol-pyruvate (PEP), 3-phosphoglycerate (3-PG),
sedoheptulose-7-phosphate (Shu7P), malate, aspartate, and serine increased. These changes are
compatible with reduced import of glucose and diminished flow through the upper glycolytic
pathway, the non-oxidative part of the Pentose-phosphate pathway (PPP) and the nucleotide
biosynthetic pathway. In the lower part of the pathway a predominant gluconeogenic flow from
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aminoacids with diversion at 3-PG toward serine and other biosynthetic pathways thereon would be
taking place (Scheme 1).
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Scheme 1. Overview of metabolic pathways affected by Prdx6 down-regulation. Relative levels of
metabolites and thiol redox changes in enzymes in siRNA-Prdx6 treated HepG2 cells. Up and down
arrows indicate increased or decreased levels, respectively. Mapped redox sensitive Cys showing a
differential redox state (oxidative purple; reductive, orange). See main text for detailed explanation.

Changes detected in the redox proteome could be relevant to these metabolic set up, since
glucose-6-phosphate and 6-phosphogluconate dehydrogenases (G6PD and PGD), aldolase
(ALDOA), hexokinase (HK2), malate dehydrogenase (MDH1), PEP carboxykinase (PCK2), and
3-phosphoglycerate dehydrogenase (PHGDH) showed redox changes at specific Cys residues that
could affect their catalytic performance (highlighted in Scheme 1 and commented below).

3.4. Changes at Proteome Level

The extent of down-regulation of Prdx6 under our experimental conditions was not incisive
enough to provoke extensive changes at global proteome level through transcriptional regulation,
but had a marked effect at posttranslational level as observed by changes in the redox proteome.

3.4.1. Global Proteome

As a proof of concept, the quantitative global proteomic analysis (Supplementary File SI)
detected 0.5-fold Prdx6 down-regulation in silenced cells. The number of differentially expressed
proteins after siRNA-Prdx6 treatment was rather low. However, a group of differential proteins on
Prdx6 silencing were significantly enriched in endocytosis (GO:0030100 term and hsa04144 KEGG
pathway): the ADP-ribosylating factor GTPase-activating protein (ARFGAP1) involved in
membrane trafficking was up-regulated while vacuolar protein sorting-associated protein 4B
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(VPS4P) and 4 members of Ras-related proteins (RAB5A, RAB5B, RAB7A and RAB11A) were
down-regulated (Supplementary File S1).

These data run parallel to increased phospholipid content and demonstrate that Prdx6 is
involved in membrane arrangement and vesicle trafficking, but it remains to be determined which
activity of Prdx6, either the peroxidase, the PLA2, the LPAT, or a combination of these, is responsible
for this role.

3.4.2. Redox Proteome

Down-regulation of Prdx6 should be expected to alter the redox homeostasis by diminution of
its antioxidant capacity, so we analyzed the Redox Proteome, namely, the set of proteins undergoing
redox changes at sensitive cysteines on siRNA-Prdx6 treatment in HepG2 cells. A large set of nearly
one thousand cysteinyl peptides were detected (Supplementary File S2). We selected those
differential Cys-peptides with statistical significance (p < 0.05) and > 1.5-fold or < 0.6-fold change in
their Cys reduced/oxidized ratio. The main changes were detected in enzymes of carbon and
glutathione metabolism, pentose phosphate pathway, citrate cycle, fatty acid metabolism,
biosynthesis of aminoacids, and Glycolysis/Gluconeogenesis.

A significant redox target was Hexokinase-2 (HK2) at Cys368, that was half reduced in HepG2
cells but was reversibly oxidized after siRNA-Prdx6 treatment (Table 1). HK2 is known to play a
critical role in the connection between metabolic and cell survival pathways and is upregulated in
hepatocellular carcinoma and other tumors [46,47]. HK2 associates with the outer mitochondrial
membrane via a binding motif at the N-terminal that interacts with voltage dependent anion channel
(VDAC).

Table 1. Reversible thiol redox changes in specific sensitive Cys.

siRNA Prdx6 HK?2-Cys*8 Prdx6-Cys’® PHGDH-Cys!81

. 0.58 1.78 10.43
+0.04 +0.33 +2.75
Ratio red/ox + sd (11 = 4
atio red/ox  sd (n = 4) . 0.26 0.92 4.98
+0.03 +0.06 +1.98
Fold Change 0.45 0.52 0.48
p-value 16x105  22x102 2 x 10

The reduced/oxidized ratio of specific cysteines in three proteins, specifically discussed in the main
text, suffering reversible redox changes upon Prdx6 silencing as determined by the quantitative
redox proteome protocol described in Materials and Methods. The ratio values (+ s.d.; n = 4) are
shown and the fold change provoked by Prdx6 silencing is also indicated together with the statistical
significance index (p-value) for HepG2 cells.

This association provides a metabolic advantage by bringing HK2 closer to the ATP production
site, and an apoptosis suppressive capacity by competing with proapoptotic factors for the binding
to VDAC [48]. Cys368 occupies a central position in the VDAC-HK contact area [49] (Figure 3A) and
it is conceivable that its oxidative modification on siRNA-Prdx6 treatment could have altered its
interaction with VDAGC, affecting its subcellular localization and inducing a decrease in the rate of
glucose phosphorylation and entry into the cell.



Antioxidants 2019, 8, x 12 of 17

HEXOKINASE-2
A) 1gha

Cys368

Cys18,19

Lys21
¥

Figure 3. Structural mapping of redox sensitive Cys. The 3D structures of three enzymes of
carbohydrate metabolism, HK2, PCK, and PHGDH, with the indicated PDB ID codes, were analyzed
to map the Cys residues that showed significant redox changes upon Prdx6 silencing in HepG2 cells.

(A) One subunit of HK2 is shown below in a ribbon model with Cys368 atoms as yellow Van der
Waals spheres and sidechains of residues involved in interaction contacts with VDAC1 highlighted
in orange; the C-terminus is enlarged in molecular surface mode, except for Cys368, with the same
highlighting criterium as below. (B) PCK in ribbon mode and detected Cys residues with atoms as
Van der Waals spheres, color CPK; one molecule of substrate PEP (red) is bound at the active site; the
positions of Cys306, Cysb5 and Cys151 are indicated with arrows. (C) PHGDH in ribbon cartoon
with the coenzyme NAD bound at the active site cleft; sidechains of redox modified Cys residues
upon Prdx6 silencing are shown in CPK color; acetylation and sumoylation sensitive Lys21 is shown
in purple next to redox sensitive Cys18-Cys19; catalytic His283 is shown in green with the redox
sensitive Cys281 in the neighborhood.

Prdx6 was abundant enough to be clearly detected (24 peptides) even in silenced cells
(Supplementary Files S1 and S2). The peptide containing the “non-catalytic” Cys91 was prominent
and showed sensitivity to reversible oxidation, as it was fairly reduced in HepG2cells but was
significantly more oxidized after siRNA-Prdx6 treatment (Table 1). The peptide containing its
catalytic peroxidatic Cys47 did not show significant reversible redox changes (See data in
Supplementary File S2). The “extra” Cys91 is not conserved among members of the 1-Cys subfamily
of Prx and has been thoroughly neglected or routinely substituted by Ser in the recombinant protein
and other experimental setups. However, we have found that Cys91 of human Prdx6 was
specifically sensitive to reversible oxidation in glutaredoxin 1 (Grx1) down-regulated HepG2 cells
and had shown that it is prone to glutathionylation in recombinant Prdx6 [28]. Experiments are
under way to elucidate whether this “extra” Cys in human Prdx6 is relevant to its structure and
function in the context of redox signaling.

Silencing of Prdx6 in HepG2 cells led to redox changes in Cys191 of the intracellular chloride
ion channel-1 (CLIC1). This is a soluble globular protein that can undergo an extended
conformational change to get embedded in intracellular membranes, mainly in the nucleus, and
form a Cl- ion channel that has been linked to apoptosis, pH, cell volume and cell cycle regulation
[50,51]. The soluble form of CLIC1 consist of two domains, the N-terminal one with a thioredoxin
fold similar to glutaredoxin and the C-terminal typical of the GST superfamily; it also contains a
glutathione binding site [52]. These properties of CLIC1 suggested that it may be under some kind of
redox control. Cys191, which is located in the GST domain of CLIC1, was more reduced in
siRNA-Prdx6 treated cells (See data in Supplementary File S2). Coincidentally, Prdx6 interacts with
GST-mt during the peroxidase catalytic cycle [53]. It is tempting to hypothesize on a possible redox
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relationship between Prdx6 and CLIC1 contributing to the effects of Prdx6 silencing on cell swelling
and cell cycle arrest described above.

Redox changes in two enzymes of the Glycolysis/gluconeogenesis pathway are worth of
mention. Eight cysteines were detected out of a total of 12 in the sequence of mitochondrial
PEP-carboxykinase (PCK2), which is composed of two large domains, with the active site in
between, that move relative to each other during the catalytic cycle. Of these Cys, seven are clustered
in the C-terminal domain (Figure 3B), but only the peptide containing Cys55 and Cys63, conserved
in eukaryotes, showed significant redox changes. Cys55 could form a disulfide bond with Cys151,
which would be = 3A apart. The enzyme is inactivated by glutathionylation of Cys306, which is close
to the active site, in a way reversed by SH2 [54]. We have detected this cysteine in all the samples in a
highly reduced state (red/ox >20) insensitive to Prdx6 silencing, allowing for full activity
(Supplementary File 52).

3-phosphoglycerate dehydrogenase (PHGDH) plays a critical role in a relevant metabolic
diversion of Glycolysis that leads to serine, a precursor of proteins, phospholipid head groups and
glutathione and driving force for the folate and methionine cycles [55]. Its gene is overexpressed in
several types of cancers, where it can catalyze the reduction of 2-oxo-glutarate to
2-hydroxyglutarate, a potent oncometabolite [56]. In the current study, we have found several redox
sensitive Cys in PHDH all of which are in a highly reduced state (red/ox ratios = 5-30). However,
Cys281 and the peptide containing contiguous Cys18Cys19, three Cys conserved in mammals, were
significantly less reduced under conditions of Prdx6 silencing in HepG2 cells (Table 1 and
Supplementary File S2). Cys281, which was identified as a target for S-nitrosation in a
high-throughput study [57], is in the NAD-binding catalytic domain, close to the essential active site
residue His293, while Cys18Cys19 are located in the so called allosteric regulatory domain in close
proximity to Lys21 (Figure 3C), which is a target for acetylation and sumoylation [58]. Reversible
redox changes in these sensitive Cys of the enzyme could affect its catalytic and regulatory
properties [59].

4. Conclusions

The complex wide effects of moderate Prdx6 down-regulation should be a reflection of its
moonlighting properties acting as peroxidase, phospholipase, and LPC-acyltransferase. The
response of HepG2 cells to Prdx6 silencing spans from metabolic and signaling pathways
remodeling to alterations in the redox proteome and membrane turnover with effects in cell cycle
progression and proliferation. The role of Prdx6 in cancer cells has been studied previously with
conflicting outcomes. Most reports point to a pro-proliferating and antiapoptotic action of Prdx6, but
some studies have found the opposite effect, depending on the stage of tumor development.
Moreover, these effects have not always been assigned to a particular activity of Prdx6, either
peroxidase, PLA2, or LPCAT, neither a common mechanism has been provided.

In the study reported herein Prdx6 silencing down to = 40% would represent a situation
mimicking a cellular response to endogenous or exogenous stimuli under normal or oxidative stress
conditions.

It appears that the cell responds to Prdx6 down-regulation by initiating a biosynthetic program,
leading to membrane and vesicle trafficking rearrangement with signs of entering a cell cycle G1
phase but an inability to proceed on to the S phase. The mechanisms behind these phenomena
involve reversible thiol oxidative changes in key proteins. HK2-Cys368 and Prdx6 “extra” Cys91
stand out as relevant thiol switches. The former could affect association with the mitochondrial
membrane with consequences on the rate of glucose catabolism and mitochondrial permeability; the
latter is not conserved among the 1-Cys type Peroxiredoxins and has been given little attention so
far, but could turn out to bear relevant functions in human cells.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1; Supplementary File 1:
Excel file showing results of global quantitative proteomic analysis in Prdx6 silenced HepG2 cells. The first
sheet shows protein ID, protein name, gene name and number of unique peptides in the first columns. NT and
siRNA-Prdx6 indicate treatment with unspecific “non-target” siRNA and with specific siRNA, respectively.
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Columns M and N with blue colored headings show the calculated fold change induced by siRNA-Prdx6
treatment together with the statistical significance index (p value). Statistically significant data have been
selected and disclosed into the second sheet with the fold change colored green and red for down- and
up-regulated values, respectively. The sheets named “GOTERM_Enrichment” and “KEGG_Enrichment” show
the results of “Biological Process GO-term” and “KEGG pathway” enrichment analysis of the set of
differentially expressed proteins on siRNA-Prdx6 treatment; Supplementary File 2: Excel file showing results of
cysteinyl peptides proteomic quantitative analysis of in Prdx6 silenced HepG2 cells. The peptide sequence,
accession ID and protein name are shown in the first columns. NT and siRNA-Prdx6 indicate treatment with
unspecific “non-target” siRNA and with specific siRNA, respectively. The data in columns D to K are the
reduced/oxidized ratio values for each of 4 replicas for every Cys-peptide; NA, data not available. Columns L
and M, colored orange show the fold change of the red/ox ratio induced by siRNA-Prdx6 treatment together
with the statistical p value for significance. The second sheet with the fold change colored green and red for
down- and up-regulated values, respectively shows the selected significant fold change values (column E)
induced by Prdx6 silencing ordered by increasing p-values (column F); the position of the Cys residue in the
sequence of the protein is given in column D and a horizontal double red line marks the statistical threshold for
significance; Supplementary File 3: Excel file showing results of metabolomic analysis in Prdx6 silenced HepG2
cells. Columns A and B show the metabolite family and the name of the metabolite, respectively. The data show
the normalized quantitative values for each metabolite in each of 4 replicas for the treatment with unspecific
siRNA (NT) and siRNA-Prdx6. NA, missing or outlier value. The fold change induced by Prdx6 silencing is
shown in column K, together with the statistical p-value for significance, with values <0.05 highlighted in
yellow.
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Abstract: Sorafenib is the first-line recommended therapy for patients with advanced hepatocarcinoma
(HCC) in de-differentiation stage (presenting epithelial-mesenchymal transition, EMT). We studied
the role of the thioredoxin system (Trx1/TrxR1) in the sensitivity or resistance of HCC cells to the
treatment with Sorafenib. As a model, we used a set of three established HCC cell lines with different
degrees of de-differentiation as occurs in metastasis. By quantitative proteomics, we found that the
expression levels of Trx1 and TrxR1 followed the same trend as canonical EMT markers in these cell
lines. Treatment with Sorafenib induced thiol redox reductive changes in critical elements of oncogenic
pathways in all three cell lines but induced drastic proteome reprograming only in HCC cell lines of
intermediate stage. Trx1 downregulation counteracted the thiol reductive effect of Sorafenib on Signal
Transducer and Activator of Transcription 3 (STAT3) but not on Mitogen-Activated Protein Kinase
(MAPK) or Protein Kinase B (Akt) and transformed advanced HCC cells into Sorafenib-sensitive cells.
Ten targets of the combined Sorafenib—siRNATrx1 treatment were identified that showed a gradually
changing expression trend in parallel to changes in the expression of canonical EMT markers, likely
as a result of the activation of Hippo signaling. These findings support the idea that a combination of
Sorafenib with thioredoxin inhibitors should be taken into account in the design of therapies against
advanced HCC.

Keywords: hepatocarcinoma; thioredoxin; sorafenib; redox signaling; EMT

1. Introduction

Hepatocarcinoma (HCC) represents 80% of the primary hepatic neoplasms that appear mainly in a
context of chronic liver cirrhosis. It is the sixth most frequent neoplasm, the third cause of cancer death,
and accounts for 7% of registered malignancies [1]. Sorafenib is the standard of care for advanced-stage
HCC, as demonstrated in two large-scale trials [2] and the Asia-Pacific trial [3].

Epithelial-mesenchymal transition (EMT) is an important process that happens in normal
development in which epithelial cells lose many of their properties to become mesenchymal cells
by means of drastic changes in architecture and behavior. A similar transition also occurs during
tumor progression and malignant transformation, leading to increased cell motility and invasiveness.
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Transforming Growth Factor-f8 (TGFB) is known as the main, although not exclusive, inductor of
EMT, which takes place through various signaling pathways [4]. A critical molecular event of EMT is
the downregulation of the cell adhesion molecule E-cadherin and its replacement by N-cadherin [5].
Activation of Akt leads to a significant reduction in E-cadherin expression and to nuclear localization of
SNAI1, suggesting a role for the PI3K/Akt signaling pathway in the shift from E-cadherin to N-cadherin
expression and in EMT progression in cancer [6,7]. The serine/threonine kinase Akt is thought to be
responsible for mediating the acquired resistance to Sorafenib in HCC cells [8]. Akt can be activated by
insulin and survival and growth factors through phosphorylation mediated by mTOR2 and PDK1
at specific threonine residues. The process can be reverted by protein phosphatase 2 (PP2A) when
Akt is oxidized, suggesting that Akt is subjected to redox regulation [9]. Moreover, it was shown that
the interaction between Akt and PP2A under conditions of oxidative stress could be impaired by the
reduction of a specific disulfide bond in Akt catalyzed by glutaredoxin (Grx). Activation of Akt after
stimulation with insulin and various growth and survival factors, leading to the phosphorylation at
Thr308 and Ser473 by PDK1 and mTOR?2, respectively. Akt in its oxidized form can also be inactivated
by protein phosphatase 2 (PP2A) dephosphorylation, which suggests that Akt is a redox-regulated
protein [9]. It has been shown that Grx prevented Akt from forming a specific disulfide bond between
Cys-297 and Cys-311 and suppressed its association with PP2A under oxidative stress, [9-11].

STATS3 is a pro-survival transcription factor which is constitutively activated in human cancer cell
lines. Constitutive phosphorylation of STAT3 causes important changes in apoptosis, angiogenesis,
invasion, migration, and proliferation, resulting in cell malignant transformation [12]. It has been
observed that STAT3 activation is involved in EMT, invasion, and generation of metastasis in HCC [13].
Tyrosine phosphorylation of STAT3 is dependent on the thiol redox state modulated by H,O, and Prx2
levels and the thioredoxin system activity [14]. Trx1-STAT3 disulfide exchange intermediates were
detected, suggesting that Trx1 may be a direct mediator of STAT3 disulfide reduction.

Overexpression of Trx1 has been detected in human cervical neoplastic squamous epithelial cells,
lung, colon, and HCC tumors [15-18]. Targeting Trx1 for cancer therapy and as prognostic marker of
HCC has been considered because of the observed relationship between Trx1 expression and tumor
aggressiveness, although the mechanisms underlying this association are still not well known [19].
Overexpression of Trx1 is one of the mechanisms for drug resistance in HCC treatment. A possible
strategy that is gathering strength is to combine Trx1 gene therapy with chemotherapy to increase the
effectiveness of treatments in HCC [20]. Thioredoxin-interacting protein (TXNIP) is a member of the
alpha-arrestin protein family that binds to the active site and counteracts the action of Trx1 functioning
as tumor suppressor [21]. Downregulation of TXNIP exacerbates cancer progression, and its expression
is actually reduced in various human cancer cells [22]. TXNIP deficiency enhances the induction of the
Zinc finger proteins SNAI1 and SNAI2 by TGF-8 and promotes TGF-B-induced EMT [23].

A comparative genomic characterization of 19 cell lines derived from HCC allowed clustering
them into two groups (I and II) according to their gene expression patterns [24].

In this study, we selected three hepatocarcinoma cell lines, i.e., HepG2 belonging to group I and
SNU423 and SNU475 belonging to group II, to carry out a comparative study of their basal proteome
and of how it responds to Sorafenib treatment and/or thioredoxin downregulation. We also analyzed
redox modifications and phosphorylation of Akt, MAPK, and STAT3. The results obtained support the
use of a combination of Sorafenib with Trx1 inactivation in HCC therapy.

2. Materials and Methods

2.1. Materials

HepG2 (HB-8065™, ATCC/LGC Standards, SLU, Barcelona, Spain), SNU423 (CRL-2238,
ATCC/LGC Standards) and SNU475 (CRL-2236, ATCC/LGC Standards) cell lines were obtained
from American Type Culture Collection (ATCC; LGC Standards, S.L.U., Barcelona, Spain). Anti-Trx1
was obtained in-house from rabbit immunization with Trx1. Antibodies against STAT3 (#4904S),
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MAPK (#9102), Thr202/Tyr?MpMAPK (#4370P), Ser*’3p Akt (#4060S) were obtained from Cell Signaling
Technology. Antibodies against Tyr’®pSTAT3 (#sc-7993), TXNIP (#sc-271237), Akt1 (#sc-5298), and
B-actin (#sc-47778) were from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Anti-TrxR1 (#ab124954)
was provided by Abcam, Inc. Secondary antibodies were from Sigma. ECL reagent was from GE
Healthcare (Chicago, Illinois, USA); siRNA for Trx1 was from Dharmacon, Inc. (#L-006340-00; Lafayette,
Colorado, USA).

2.2. Cell Growth Conditions

Cell cultures were negative for mycoplasma contamination. Cells were maintained in Eagle’s
minimum essential medium (EMEM), pH 7.4, supplemented with 10% FBS (#5181G-500, Biowest),
sodium pyruvate (ImM) (#L0642-100, Biowest), and a penicillin—streptomycin-amphotericin solution
(100U/mL-100pg/mL-0.25 ng/mL) (#L0010-100, Biowest) at 37 °C in a humidified incubator with 5%
CO,. The cells were seeded at a density of 10° cells/cm? in 2D culture. When applied, Sorafenib
was added to the cell culture at a concentration of 10 uM, as set up in a previous study [25] and the
cells were incubated for 24 h before cell lysis to measure cell proliferation and protein activities and
expression and to perform proteomic analysis. Cells lysis was carried out using 50 mM HEPES pH 7.5,
5 mM EDTA, 150 mM NaCl, 1% NP-40, a proteases inhibitor cocktail (#P8340, Sigma-Aldrich), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM NaF, and 1mM Na3zVOj,. The lysates were incubated on
ice and vortexed for 15 s in four intervals of 5 min each. The samples were centrifuged at 13,000 rpm at
4 °C. The supernatants were collected for protein quantification and analysis.

2.3. Determination of Proliferation and Caspase-3 Activity Measurement

Cell proliferation was analyzed using a colorimetric ELISA (Roche Applied Science, Penzberg,
Germany). In total, 2 x 10* cells/cm? were cultured in 96-well plates at 37 °C and 5% CO,. At the end of
the experiment, the cells were incubated with a 10 uM BrdU labelling solution for 6h at 37 °C following
the protocol recommended by the manufacturer. Caspase-3-associated activity was determined using
the peptide-based substrate Ac-DEVD-AFC (100 uM), as described elsewere [10].

2.4. SDS-PAGE and Western Blotting

The protein expression levels of Trx1, TrxR1, TXNIP, STAT3, pSTAT3, Aktl, pAkt, MAPK, and
PMAPK were determined by SDS-PAGE coupled to Western blotting analysis, following the same
procedure and using the same antibody dilutions as described before [10].

2.5. Silencing of Trx1

Human Trx1 was knocked down in HepG2, SNU423, and SNU475 cells using a pool of four
specific siRNA in 6-well plates (20,000 cells/cm?), according to the manufacturer’s recommendations
(Dharmacon, GE Healthcare Life Sciences) and as described before for HepG2 cells [10]. Non-targeting
negative controls were run. Silencing of Trx1 was always checked by Western blotting and activity
assay to confirm that its levels were reduced by ~80%.

2.6. Redox Mobility Shift Assay

Detection of thiol redox changes in Akt, MAPK, and STAT3 proteins was performed by differentially
labeling reduced cysteines with 5 mM N-ethylmaleimide (NEM) and reversibly oxidized cysteines by
reduction with 5 mM tris (2-carboxyethyl) phosphine (TCEP), followed by labeling with 10 mM
4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid (AMS) (Thermo Scientific Pierce), which
increases the molecular weight of the native protein by 536.44 Da. The protocol was the same
as described before [10].
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2.7. LC-MS/MS, Label-Free MS Protein Quantification, and Systems Analysis

Proteomic analyses were performed at the Proteomics Facility, University of Cérdoba (SCAI).
The procedure started with a culture of 2 X 10* cells/cm?2, and the protocol was the same as
described previously [26]. Peptides were scanned and fragmented with the Thermo Orbitrap Fusion
(Q-OT-qlIT, Thermo Scientific) equipped with a nano-UHLC Ultimate 3000 (Dionex-Thermo Scientifics).
The analysis of MS raw data was performed using the MaxQuant (v1.5.7.0) software [27] and the
label-free quantification configuration described before [26]. Three RAW data files per sample from
three separate experiments were analyzed. Human UniProtKB/Swiss-Prot protein database (February
2018 version) was searched for protein identification as described before [26]. The method used for the
imputation of missing values was the mean imputation. Finally, only the conditions with 3 values per
identification were considered and analyzed through ANOVA and Tukey’s post-hoc tests. A protein
was considered differentially expressed if identified and quantified with at least 2 unique peptides and
had a fold change of at least 1.50 and p value <0.05.

The differentially expressed proteins together with the fold change values were analyzed with the
online IPA software package (Qiagen, version 48207413) and the open software DAVID [28]. For IPA,
each protein was mapped to its corresponding gene object in the Ingenuity Pathways Knowledge.
The “core analysis” function was carried out considering direct and indirect relationships experimentally
observed in all mammalian tissues and species, as well as all node types, data sources, and mutations.
The list of significantly enriched canonical pathways, biological functions, and upstream factors is
presented together with the activation or inhibition z-score values in a scale of colors.

2.8. Statistical Analysis

Results are expressed as mean + SD of data from >3 independent experiments. One-way ANOVA
with the least significant difference Tukey’s test as post-hoc multiple comparison analysis with a single
pooled variance was used for comparisons; output p value ranges were handled in GP style: 0.0332 (*¥),
0.0021 (**), 0.0002 (***), <0.0001 (****). The threshold for statistically significant differences was set at p
adjust <0.05 value.

3. Results

3.1. Tracing the Proteomic Signature of EMT in Human Hepatocarcinoma Cell Lines

A “label-free” quantitative proteomics analysis detected 1170 proteins with significant differences
between HepG2, SNU423, and SNUA475 cell lines (Supplementary File S1). This is the first comparative
proteomic analysis carried out with these cell lines, and the results obtained for canonical markers
of EMT showed increasing and decreasing gradients, in agreement with the classification of these
human HCC cells as epithelial or mesenchymal [29,30]. These results strongly correlate with previous
microarray and Western blotting analyses of human HCC cell types [29,30] and constitute a definitive
proof of concept for our experimental approach. E-cadherin was not detected, likely because our
proteomic protocol was not optimized for membrane proteins. The members of the Trx system Trx1
and TrxR1 were also present in increasing levels from HepG2 to SNU475 cells (Figure 1), which agrees
with the role described for Trx1 as a pro-metastasis factor [31].



Antioxidants 2019, 8, 501 50f 18

B HepG2 [ sNu423 [ SNU475
6x107 3x100r 8x10°r 1.5x10°F 5.0x10°
1 A
210°F A4 1.0x10°F —I— l
2 Ala R
g 3107} 3x10°F 25x10°} aA
£
1x10%f 5.0x10°}
0 0 o—%-& . 0 . oﬁi :
a-fetoprotein  CD44 antigen Vimentin Trx1 TrxR1

Figure 1. Epithelial-mesenchymal transition (EMT) markers and thioredoxin system in three
hepatocarcinoma (HCC) cells lines. Data for vimentin, alpha-fetoprotein, CD44 antigen, Trx1, and
TrxR1 were retrieved from the quantitative proteomic analysis of HepG2, SNU423, and SNU475 cells
(Supplementary File S1). The scale in the vertical axis is the relative intensity from the LC-MS/MS
quantitative analysis and varies between proteins; the maximum value for each protein ranges from
3.25e + 007 for alpha-fetoprotein in HepG2 cells to 8.97e + 008 for Trx1 in SNU475 cells. (N = 3,
individual values are shown).

A system analysis of these 1170 differential proteins yielded significant enrichments in several
canonical pathways (Figure 2A; the identities of the proteins are shown in Supplementary File S1).
Integrin and actin cytoskeleton signaling, remodeling of epithelial adherent junction, and PI3K/Akt
signaling, which have been described as being involved in EMT, were activated. On the reverse side,
there was an overall inactivation of amino acid metabolism, fatty acid beta-oxidation, neurotransmitter
catabolism, glutathione metabolism, and oxido-reduction processes. SNU423 and SNU275 cells showed
similar activation and inactivation trends in many processes, although these processes were affected to
a lesser extent in SNU423 cells, in parallel to their degree of mesenchymal properties. System analysis
of 100 upregulated and 156 downregulated proteins common to the first two cell lines by Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways and Gene Ontology (GO) biological processes
using DAVID software confirmed and stressed these similarities (Figure S1). A search for upstream
regulators brought to light differences and commonalities (Figure 2B). To name a few, MYCN and MITF
transcription factors appeared to be activated in SNU423 but inactivated in SNU475 cells, whereas
HIF1A and the KDM5A histone H3 demethylase behaved in the opposite way.
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Figure 2. Systems Biology analysis of differential proteomic data from three HCC cell lines. Quantitative
data on protein levels in SNU423 and SNU475 cells relative to the levels in HepG2, the more differentiated
cell line, were analyzed. Up- and down-regulated proteins were analyzed using the IPA software

in terms of (A) canonical pathways based on the content of the Ingenuity Knowledge Base, and

(B) Upstream Regulator Analysis to identify the cascade of upstream transcriptional regulators

(see M&M Section 2.7 for more details). The degree of activation is represented in a color scale as

indicated. Red brackets have been added to highlight significant data commented on in the main text.

Altogether, these results identified a number of proteins and regulatory elements related to
de-differentiation of HCC cells that could be an interesting focus for further research.

3.2. The Trx/TrxR/TXNIP System is Highly Sensitive to Sorafenib Treatment in HCC Cell Lines

The basal levels of Trx1 and TrxR1 in control cells were markedly higher in mesenchymal SNU475
cells (Figure 1), but Sorafenib induced a significant decrease in their levels in all HCC cell lines
(Figure 3A,B). TXNIP behaved in a reciprocal manner relative to Trx1 and TrxR1. It was upregulated
both by Sorafenib and by siRNATrx1, either independently or jointly, in all three cell lines (Figure 3C).
These results indicate that the downregulation of the Trx system is part of the antitumoral action
mechanism of Sorafenib and support our hypothesis that co-treatment with Trx1 inactivation adjuvants
would potentiate Sorafenib-based antitumoral therapy.
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Figure 3. Response of the thioredoxin system to Sorafenib and siRNATrx1 treatments. Changes in
the levels of three components of the thioredoxin system, (A) Trx1, (B) TrxR1 and (C) TXNIP were
determined in HepG2, SNU423 and SNU475 cells by Western blotting with their specific antibodies on
treatment with Sorafenib or siRNATrx1 independently or combined under the conditions described in
M&M. Densitometric data normalized for $-actin are shown; samples from 3 different experiments
(N = 3) for each cell line were run in the same gel; protein levels between cells cannot be compared since
each set of 3 replicas for each cell line was developed on a different WB membrane; for a comparison
of Trx1, TrxR1 between cell lines, refer to quantitative proteomic data in Figure 1; a composition of
representative blots is shown below each graph. p values 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****),
see Materials & Methods for statistical details.

3.3. The Effect of Sorafenib on the Global Proteome Depends on the Cell De-Differentiation Stage

Sorafenib alone was very effective in SNU423 cells, inducing significant changes in 465 proteins,
whereas in HepG2 and SNU475 cells, the number of proteins affected was restricted to only 23 and 83,
respectively (Figure 4A). The effect of siRNATrx1 alone was rather low in all three cell types, as should
be expected since the effects of this antioxidant protein at the transcriptional regulatory level are limited.
The cellular environment determined which proteins were affected by Trx1 downregulation, since
there were no common siRNATrx1 targets among the three cell lines, although most of the proteins
affected did also change when siRNATrx1 treatment was combined with Sorafenib (Supplementary
File S1). Interestingly, a very strong synergistic effect was observed when Sorafenib was applied to
Trx1-downregulated SNU475 cells (Figure 4A). This synergistic effect was also observed in HepG2
cells, although to a lesser extent, but was absent in SNU423 cells.
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Figure 4. Summary of the quantitative proteomic analysis of HCC cell lines subjected to Sorafenib
and/or siRNATrx1 treatments. (A) The total number of significantly (adjusted p < 0.05) different proteins
(fold change >1.5 and <0.6) quantified upon each treatment relative to their controls; the numbers above
the brackets and thin lines are the “synergy factor” reached by siRNATrx1 and Sorafenib calculated
by the ratio between the number of proteins affected by the combined treatment and the number of
proteins affected by individual Sorafenib and siRNATrx1 treatments. (B) Venn diagrams of upregulated
and downregulated proteins by each treatment, by cell line; the color code indicated in the legend
applies to (A) and (B). (C) Venn diagrams of proteins affected in each cell line by treatment.

Altogether, these proteomic data indicate that Sorafenib is highly active in moderately differentiated
tumor cells but it has a limited effect in Trx1-rich and poorly differentiated cells, unless the antioxidant
thioredoxin-related signaling is weakened. Its action is minor in epithelial HepG2 cells even in
combination with Trx1 downregulation.

A comparison of the Sorafenib and Trx1 silencing targets of each cell line (Figure 4C) highlighted
the fact that there were no common targets between the se cell lines, suggesting that the effects of each
treatment are dependent on the de-differentiation stage of HCC cell lines. However, there were 12
common targets of the combined treatment in the three cell lines (Figures 4C and 5). These common
proteins are related to lipids biosynthesis, protein nuclear transport, and actin organization. The
increasing degree of downregulation of most of these common proteins runs parallel to their degree
of de-differentiation.
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Figure 5. Common target proteins of the Sorafenib + siRNATrx1 treatment. Twelve proteins that
changed significantly in HepG2, SNU423, and SNU475 cells are shown. A brief description of their
function was extracted from UniProt; fold changes relative to their respective controls treated with
solvent + Non-target siRNA are indicated in a color scale. Quantitative proteomic analysis as described
in Materials and Methods (N = 3). Tenfold-change values correspond to proteins that were present in
the controls but were not detected in the treated samples.

System analysis of the proteomic data provided some clues about the differential effect of Sorafenib
in each cell type (Figure 6). The only pathways altered by Sorafenib in SNU475 cells were those of
IGF-1 and renin-angiotensin signaling, which appeared inactivated with the concomitant differential
inactivation of several upstream regulators, i.e., NFE2L2, PDGF-B, a potent mitogen for cells of
mesenchymal origin, XBP1, involved in the unfolded protein response (UPR), and Ige (Figure 6). None
of these pathways and upstream regulators were affected in SNU423 cells.
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Figure 6. Enrichment analysis of proteins affected by Sorafenib treatment in each cell line. Proteins
affected by Sorafenib treatment alone were analyzed using the IPA software in terms of canonical
pathways, upstream regulators, and biofunctions as indicated, in the three cell lines studied. Brackets
and arrow highlight elements that are commented on in the main text.

Pathways affected by Sorafenib solely in SNU423 cells were those related to integrin and EIF2
signaling, oxidative phosphorylation, and phosphoinositol metabolism, which were inactivated, and
to sumoylation and sirtuin, which were activated (Figure 6). In parallel with these changes, a set of
upstream regulators were uniquely either inactivated—IL4, SREBF2, NRF1, FOXO1, EGFR, MTOR,
MYCN—or activated—KDMO5A histone H3 demethylase, KLF3, and PDGEF, to name the most relevant.

Despite the striking differential outcomes of Sorafenib treatment between SNU423 and SNU475
cells in terms of pathways and number of proteins affected, several upstream regulators responded
equally to Sorafenib in both cell types. Briefly, MAP4K4 and the protein PML, which is regulated by
sumoylation, were activated, whereas MYC, E2F1, the growth enhancer and cysteine-rich receptor
tyrosine-protein kinase ERBB2, which interacts with STAT3, the steroid regulatory element-binding
factor 1 SREBF1, and the insulin receptor tyrosine kinase INSR were inactivated. TGFB1, the main
inducer of EMT [4], was the only regulator affected in all the cells and was inactivated even in HepG2.

3.4. The Alteration of the Global Proteome by Sorafenib in Human HCC Cell Lines at Different
De-Differentiation Stages is Conditioned by Trx1 Downregulation

The number of new proteins affected by Sorafenib under conditions of Trx1 downregulation was
81, 133, and 679 in HepG2, SNU423, and SNUA475 cells, respectively (Figure 4B). GO terms enrichment
analysis of these newly affected sets of proteins with DAVID software revealed some common biological
processes affected in the three cell lines: cholesterol and isoprenoid metabolism, cell-cell adhesion,
and proteostasis.

Analysis of the set of proteins affected in SNU475 cells under the combined treatment revealed
the target pathways (Figure 7). The general trend was inactivation of most pathways (actin, integrin,
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14-3-3-mediated signaling, PI3K/Akt, sirtuin, mTOR, ILK, EIF2 signaling pathways, glycolysis,
gluconeogenesis, and pentose phosphate pathway), except for two pathways that were activated:
HIPPO and RhoGDI signaling (Figure 7). Despite the profound effect of the Sorafenib+siRNATrx1
treatment on the proteome and pathways of SNU475 cells, only a small number of transcriptional
regulators was markedly affected, with TGFB1 inactivation standing out. These changes were paralleled
at the level of diseases and biofunctions by the inactivation of cytoskeleton organization, tumoral cell
movement, migration, invasion, viability, and survival, and by the activation of cell death (Figure 7)
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Figure 7. Enrichment analysis of proteins affected by combined treatment of Sorafenib and siRNATrx1
in SNUA475 cells. In total, 761 proteins differentially quantified in SNU475 cells upon the combined
treatment of Sorafenib and siRNATrx1 were analyzed using the IPA software by canonical pathways,
transcriptional factors, and biofunctions. The enrichment results are indicated in colored scale in the
right column (“Treated”) in each panel; the left column, headed “Basal”, shows the proteomic signature
of SNU475 cells obtained by reference to HepG2 cells in the absence of treatment.

Activation of the HIPPO signaling pathway by the combined treatment of Sorafenib and siRNATrx1
would restrict cell proliferation and promote differentiation to cell death [32].

3.5. Effect of Sorafenib and Trx1-Silencing on Proliferation and Apoptosis in Three HCC Cell Lines

Proliferation under basal conditions was higher in HepG2 cells. Sorafenib and siRNATrx1, either
individually or combined, had a significant, non-additive, negative effect on cell proliferation, as
determined by BrdU incorporation (Figure 8A). The effect of Sorafenib was lower in SNU423 cells,
despite the thorough change induced on the proteome (Figure 4).
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Figure 8. Proliferation and apoptosis of HCC cell lines subjected to Sorafenib and/or siRNATrx1
treatments. (A) Proliferation as determined by BrdU incorporation into DNA and (B) caspase-3 activity
determined by fluorescence using a specific peptide substrate. Three different experiments (N = 3) for
each cell line. p values 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****), see Materials & Methods for
statistical details.

Regarding apoptosis (Figure 8B), Trx1 downregulation induced a significant increase in caspase-3
activity in all three cell types, which was inversely proportional to the basal levels of Trx1: prominent
in HepG2 cells, as described previously [10], but subtle in SNU423 and SNU475. The effect of Sorafenib
alone was slightly significant in SNU423 cells but was markedly enhanced by Trx1 silencing. Again,
the enhancing effect was especially prominent in HepG2 cells (Figure 8B).

It seems that the more epithelial HepG2 cells have a programed cell death response to Sorafenib
under Trx1 down-regulation aimed at tissue survival, but this response mechanism seems to be
impaired in the more mesenchymal cells. The proteomic data showed a decrease in proteins involved
in cell proliferation, survival, invasiveness and migration but an increase in proteins involved in cell
death in SNU423 and SNU475 cells (Figure 6). Regulated cell death can proceed by mechanisms
different from apoptosis and it has been described that Sorafenib induces cell death by ferroptosis in
hepatocarcinoma cell lines [33].

3.6. Sorafenib Reductive Effect on the Thiol Redox State of Akt, MAPK, and STAT3 Is General but the
Counteracting Action of Trx1 Knock-Down is Specific for STAT3

Systems biology analysis of our proteomic data indicated activation of PI3K/Akt signaling in
SNU423 and SNU475 cells (Figure 2), but, surprisingly, no significant changes were observed in the
ratio between phosphorylated and dephosphorylated Akt, MAPK, and STATS3 in all three cell lines
(Figure 9A,D,F). However, Sorafenib treatment provoked a prominent thiol reductive change in Akt,
Serd73 Akt, MAPK, and STAT3 in all three cell types that was higher for Akt and 5¢™#73 Akt in SNU475
cells (Figure 9B,C,E,G). This may be indicative of predominance of redox changes over phosphorylation
changes regarding the action of Sorefenib on these signaling pathways. This reductive thiol redox
change was insensitive to siRNATrx1, except for STAT3 for which it was totally blunted by Trx1
downregulation (Figure 9G). The involvement of Trx1 in thiol redox changes of STAT3 agrees with the
report of the formation of Trx1-STAT3 disulfide exchange intermediates [14], suggesting that Trx1 may
be a direct mediator of STAT3 disulfide reduction.
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Figure 9. Phosphorylation and thiol redox state of key signaling elements in HCC cell lines treated with
Sorafenib and/or siRNATrx1. The phosphorylated/unphosphorylated ratios of the indicated proteins
were calculated from the densitometric quantitation data of each form normalized for §8-actin. The
ratio Red/Ox reflects the thiol redox state and was calculated from the densitometric data of the bands
obtained by the “thiol redox electrophoretic mobility shift assay” as described in Materials and Methods;
samples from three different experiments (N = 3) for each cell line were run in the same gel; protein
levels cannot be compared between cells. p values 0.0332 (*), 0.0021 (**), 0.0002 (***), see Materials &
Methods for statistical details. (A) Ratio of Ser473pA1<t/Al<t; (B,C) thiol redox changes of Sel’473pA1<t and
Akt; (D,E) phosphorylation and redox changes, respectively, of MAPK; the same is shown for STAT3
in (F,G).

4. Discussion

4.1. Proteomic Changes during EMT

The current curative treatments of HCC are indicated during the early stages of the disease [34].
Nowadays, however, two-thirds of patients are diagnosed in more advanced stages of the disease [35],
urgently requiring new effective and safe drugs. The transition from well-differentiated carcinoma to
poorly differentiated invasive carcinoma is a predominant event in the aggressive tumor progression
of human HCC. Actually, EMT has been linked to tumor cell invasion and metastasis [36].

We made the first comparative characterization of EMT at the level of expressed proteins in
three hepatocarcinoma cell lines, HepG2, SNU423, and SNU475, that present markers indicative
of a gradual transition from epithelial to mesenchymal characteristics. A global proteome analysis
of these cell lines revealed a thorough change in metabolic processes, consistent with the fact that
mesenchymal cells have different metabolic needs compared to epithelial cells, in part because of
their motility and invasiveness. Metabolic reprogramming upon EMT in different types of cancer
cells is complex and controversial [37], but mitochondrial dysfunction has been widely linked to
aggressiveness of cancer and activation of EMT. The finding of a significant decrease in succinate
dehydrogenase (SDH) and isocitrate dehydrogenase (IDH) in the Tricarboxylic Acid Cycle (TCA) cycle
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in the most de-differentiated SNU475 cells (Supplementary File S1), together with a specific activation
of a few upstream regulators, including SNAI1 (Figure 2B), agrees with the report that silencing or
mutation of both enzymes promoted cell migration and invasion in different types of cancer cells
mediated by TGF-/SNAI1 [38,39].

Altogether, this first characterization of EMT at a proteome level should help to focus research on
events that occur when cancer cells acquire their metastatic and invasive potential and would help in
the design of therapies for advanced HCC.

4.2. Effect of Trx1 Downregulation on Sorafenib Antitumoral Treatment

Our data show that Sorafenib downregulates specific EMT-related pathways like integrin
signaling. However, we found that its proteomic reprogramming capacity is prominent in moderately
differentiated SNU423 cells but limited in poorly differentiated SNU475 cells, which represent the most
advanced stage of the disease.

Interestingly enough, weakening cell antioxidant defenses by Trx1 downregulation exerted a
marked synergistic effect on proteomic rearrangement in Sorafenib-treated SNU475 cells (Figure 4).
Sorafenib itself had a down-regulatory effect on the Trx/TrxR1 system and an up-regulatory effect
on TXNIP in all three cell types (Figure 3) but only triggered an extensive proteomic reprograming
in SNU423, where the basal levels of Trx1/TrxR1 are lower and those of TXNIP might be higher
(Figures 1 and 3). However, additional Trx1 downregulation exerted an adjuvant effect that dramatically
expanded the action of Sorafenib in SNU475 cells where the basal Trx1/TrxR1 levels are higher and
those of TXNIP might be lower. The effect was minor in HepG2 cells.

Although the general significance of these in vitro data in the context of cancer treatment is
limited, they strongly support the importance of an anticancer therapy based on a combined treatment
of Sorafenib with inhibitors of the Trx system or other prooxidant agents for advanced HCC and
encourage the undertaking of further research on this ground.

Few common target proteins were identified in the three cell lines (Figure 4C), likely as a
consequence of differences in their cell de-differentiation staging, though several commonalities were
obvious at the level of upstream regulators that were affected. A careful characterization of these few
common targets may lead to the discovery of true markers for diagnostic and therapeutic purposes.
At this point, it is worth mentioning that Protein Phosphatase 1 Regulatory Subunit 14B (PPP1R14B)
disappeared from the three cell lines after the Sorafenib + siRNATrx1 combined treatment. PPP1R14B
interacts with ROCK2 (“IntAct” EBI-7009696), which is a key regulator of the actin cytoskeleton and cell
polarity and is one of the most highly overexpressed phosphatase-related proteins in triple-negative
breast cancer (TNBC), which has the worst prognosis among all breast cancers [40].

The only pathway clearly activated by co-treatment was HIPPO signaling, which promotes
cell differentiation and contact inhibition of cell proliferation and plays a central role in regulating
organ growth and regeneration [32]. It is a critical regulator of liver growth and a potent suppressor
of liver tumor formation [41]. Activation of HIPPO signaling by Sorafenib treatment under Trx1
downregulation in poorly differentiated SNU475 HCC cells might impact on the alleviation of EMT and
cancer malignancy. To dig deeper into the mechanism, it would be worth checking for possible thiol
redox changes in members of the HIPPO signaling pathway that have been reported to be sensitive to
the redox environment [42,43].

4.3. Involvement of the Trx1-Dependent Thiol Redox State of Key Signaling Pathways

Sorafenib and Trx1 downregulation had a significant negative effect on the proliferation in HCC
cell lines independently of their degree of de-differentiation, although their effects were not additive
(Figure 8A). Regarding cell death, Trx1 knock-down induced apoptosis in all three cell lines, but the
effect was prominent only in differentiated HepG2 cells. The effect of Sorafenib alone was negligible
in either cell type, but Sorafenib combined with Trx1 downregulation had a marked pro-apoptotic
effect, particularly in HepG2 cells (Figure 8B) and also appreciable in SNU475 cells (Figures 7 and 8B,
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biofunctions). It seems that the ability of HCC cells to trigger a pro-apoptotic response to Trx1
downregulation and to Sorafenib treatment declines as their basal Trx1 levels and their degree of
de-differentiation increase.

The phosphorylation states of Akt, MAPK, and STAT3 were not altered by Sorafenib and/or
siRNATrx1 treatments. However, Sorafenib induced a thiol reductive burst that was independent
of Trx1 in the case of Akt and MAPK but was totally abolished by Trx1 downregulation in the case
of STAT3. These results provide further insight into the importance of redox homeostasis in the
mechanism of Sorafenib action and suggest that Sorafenib might protect Akt from PPA2 inactivation
by inducing a thiol reductive change, particularly in SNU475 cells. The lack of sensitivity of the thiol
redox state of Akt to Trx1 downregulation indicates that this redox change could be mediated by the
glutathione system, as had also been previously pointed out in HepG2 cells [10].

Thiol reductive changes in MAPK were also independent of Trx1 silencing but were coincident
with the activation of MAP4K4 detected in SNU423 and SNU475 cells treated with Sorafenib alone
(Figure 6). The strong enhancing effect of Trx1 silencing on the action of Sorafenib at the proteome
level in the poorly differentiated SNU475 cells did not seem to be mediated by phosphorylation or
redox changes of Akt and MAPK in the studied cell lines.

Reactive Oxygen Species (ROS) induce tyrosine phosphorylation by inactivation of tyrosine
phosphatases and upregulate the DNA binding activity of STAT3 [44]; however, ROS could also induce
oxidation of conserved cysteines, impeding STAT3 transcriptional activity [45]. The mechanism of this
redox regulation in HepG2 cells involves glutathionylation of STAT3 at Cys328 or Cys542, which are
within the DNA-binding domain and the linker domain, respectively, and would affect STAT3 activity
under oxidative stress, even when it is phosphorylated at Tyr705 [46,47]. The formation of Trx1-STAT3
disulfide exchange intermediates has been reported, suggesting that Trx1 may be a direct mediator of
STAT3 disulfide reduction [14]. The activity of STAT3 must have been affected by the observed redox
changes, despite the lack of differences in the degree of phosphorylation, and could have played a role
in the response of SNU475 cells to the combined Sorafenib+siRNATrx1 treatment.

Combined treatments of Sorafenib with other agents have been reported. For instance, its
combination with metformin downregulated the expression of Trx1 and improved the efficacy of
Sorafenib in the treatment of HCC, decreasing tumor invasiveness and cell motility [31], while its
combination with tetrandrine was described to induce apoptosis through ROS/Akt signaling in human
HCC [48].

5. Conclusions

The proteomes of the three HCC cell lines studied reveal differences in proteins involved in
motility and invasiveness, coherent with their EMT markers outfit. The present study shows that
Sorafenib treatment induces the highest proteomic reprogramming in SNU423 cells whose Trx1/TrxR1
levels are lower and TXNIP levels are higher. However, its effect was limited in poorly-differentiated
HCC SNU475 cells, which are expected to be present at high proportion in the advanced stage of the
disease and whose basal Trx1/TrxR1 levels are high. However, application of Sorafenib combined with
Trx1 knock-down, dramatically enhances proteomic rearrangement, including inactivation of TGFf3
and activation of HIPPO signaling, accompanied by thiol oxidative changes in STAT3. Combination of
Sorafenib with thioredoxin inhibitors should be taken into account in the design of anticancer therapies

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/8/10/501/s1,
Figure S1: System analysis of differential proteins common to SNU423 and SNU475 cells. (A) Proteins upregulated
or downregulated in both cell lines relative to HepG2 cells; (B) common proteins from each set were analyzed
for enrichment by KEGG pathways and GO biological processes using DAVID software; number of proteins on
the right side of the bars refers to the number of proteins clustered in each term; adjusted p value is shown on
the horizontal axis in a logarithmic scale for statistical significance; Supplementary File S1. Excel file showing
the results of quantitative proteomic analysis of HepG2, SNU423, and SNU475 cells. The 18t, 2nd and 34 sheets,
(“HepG2 treatments”, “SNU4232 treatments”, and “SNU475 treatments”) show protein ID, number of unique
peptides, and protein name in columns A—C. Columns D-O show the normalized abundance for each of three
replicates of untreated (“control”), Sorafenib-treated (“Sorab”), siRNATrx1-treated (“Trx1”), and Sorafenib +
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siRNATrx1 combined treatment (“ST”); columns P-U show the abundance fold change (“FC”) relative to the

control and their respective statistical significance (p-values, a value of “1” means not significant FC). In the 4"
sheet, (“Cell lines”), columns A-D show protein ID, protein name, gene name, and number of unique peptides;
columns E-M show the normalized abundance for each of three replicates of untreated HepG2 cells (“HepG2”),
SNU423 cells (“S3”), and SNU475 cells (“S5”); columns N-Q show the protein abundance fold change of SNU423
and SNU475 cells (“FCS3_HepG2” and “FCS5_HepG2”) relative to HepG2 together with the statistical significance
index (p value). A value of “1” means not significant FC.
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ABSTRACT

Nitric oxide (NO) plays relevant roles in signal transduction in physiopathology and its effects are de-
pendent on several environmental factors. NO has both pro-apoptotic and anti-apoptotic functions but
the molecular mechanisms responsible for these opposite effects are not fully understood. The action of

9 July 2015 NO occurs mainly through redox changes in target proteins, particularly by S-nitrosylation of reactive

Accepted 14 July 2015 . . . . . .

Available online 17 July 2015 cysteine residues. Thioredoxin (Trx) and glutaredoxin (Grx) systems are the main cellular controllers of
the thiolic redox state of proteins exerting controversial effects on apoptosis with consequences for the

Keywords: resistance to or the development of cancer.

Thioredoxin The aim of this study was to ascertain whether Trx and/or Grx systems mediate the antiproliferative
qutargdoxip . effect of NO on hepatoblastoma cells by modulating the redox-state of key proteins.
Oxidative/nitrosative stress Proliferation decreased and apoptosis increased in HepG2 cells overexpressing Nitric Oxide Synthase-
Apoptosis 3 (NOS-3) as a result of multilevel cellular responses to the oxidative environment generated by NO.

Cancer . . . . . .
Enzyme levels and cysteine redox state at several metabolic checkpoints were consistent with promi-

nence of the pentose phosphate pathway to direct the metabolic flux toward NADPH for antioxidant
defense and lowering of nucleotide biosynthesis and hence proliferation. Proteins involved in cell sur-
vival pathways, proteins of the redoxin systems and phosphorylation of MAPK were all significantly
increased accompanied by a shift of the thiolic redox state of Akt1, Trx1 and Grx1 to more oxidized.

Silencing of Trx1 and Grx1 neutralized the increases in CD95, Akt1 and pAkt levels induced by NO and
produced a marked increase in caspase-3 and -8 activities in both control and NOS-3 overexpressing cells
concomitant with a decrease in the number of cells.

These results demonstrate that the antiproliferative effect of NO is actually hampered by Trx1 and
Grx1 and support the strategy of weakening the thiolic antioxidant defenses when designing new an-
titumoral therapies.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: ACO, aconitase; ASK1, apoptosis signal-regulating kinase 1; Bcl-2, B-cell lymphoma 2; CaM, calmodulin; CD95, cluster of differentiation 95; DTNB, 5,5-
dithio-bis-2-nitrobenzoic acid; ELISA, enzyme-linked immunosorbent assay; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Grx, glutaredoxin; HED, 2-hydroxyethyl
disulfide; JAKs, Janus protein tyrosine kinases; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MATII, methionine adenosyltransferase II; MM(PEG)
24, Methyl-PEG,4-Maleimide; mTOR, mammalian target of rapamycin; NEM, N-ethylmaleimide; NO, nitric oxide; NOS, nitric oxide synthase; PBS, phosphate buffered saline;
PDK, phosphoinositide-dependent kinase; PKB, protein kinase B; PKM2, pyruvate kinase isozyme M2; PMSF, phenylmethylsulfonyl fluoride; PP2A, protein phosphatase 2A;
PrSSG, mixed disulfide between protein and glutathione or glutathionylated protein; PrSSPr, inter- or intra-molecular protein disulfide; RNS, reactive nitrogen species; ROS,
reactive oxygen species; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; STAT3, signal transducer and activator of transcription 3; TCEP, tris(2-
carboxyethyl)phosphine; TKT, transketolase; Trx, thioredoxin; TrxR, thioredoxin reductase; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labeling; TXNIP, thioredoxin-interacting protein; ROD, uroporphyrin decarboxylase
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1. Introduction

Nitric oxide (NO) is a very small, lipophilic, readily diffusible,
chemically unstable molecule with a very short half-life (seconds)
that plays a relevant role in signal transduction in physiopathology
such as vasodilation, respiration, cell migration, immune response
and apoptosis [1]. NO is known to be synthesized in a large
number of different tissues by the NO synthases (NOS) using -
arginine as substrate. Three different isoforms of NOS have been
identified, products of different genes, with different localization,
regulation, catalytic properties and inhibitor sensitivity [2]. Their
expression and activity are cellular and tissue specific with dif-
ferential regulation at transcriptional, translational and post-
translational levels [3,4]. These isoforms in mammals are: neuro-
nal NOS (nNOS or NOS-1), inducible NOS (iNOS or NOS-2) and
endothelial NOS (eNOS or NOS-3) [5-8]. The NOS-1 and NOS-3
isoforms are constitutively expressed and can be activated as a
result of calmodulin (CaM) binding following a rise in intracellular
calcium, and also by phosphorylation/dephosphorylation mod-
ifications. The expression of NOS-2 isoform is induced by in-
flammatory stimuli and is maximally activated by Ca®*/CaM even
at basal levels of intracellular Ca?* [1,2,9]. The intracellular loca-
lization is relevant for the activity of NOS and accumulating evi-
dence indicates that NOSs are subject to specific targeting to
subcellular compartments (plasma membrane, Golgi, cytosol, nu-
cleus and mitochondria) and that this trafficking is crucial for NO
production and specific posttranslational modifications of target
proteins [10-12].

NO can have opposite biological effects, depending on their
local concentration, the target cell type involved and the levels of
reactive oxygen species (ROS). The role of NO as a bioregulator of
apoptosis is well established, having both antiapoptotic and
proapoptotic functions [13]. The molecular mechanisms re-
sponsible for its opposite effect are not fully understood but there
is strong evidence indicating the involvement of redox changes in
key proteins [14].

The cellular redox state plays a critical role in regulating many
signaling pathways including activation, differentiation, prolifera-
tion, and apoptosis [15-17]. ROS and reactive nitrogen species
(RNS), cause irreversible damage when their amounts exceed the
cellular antioxidant defense capacity, and are harmful to biomo-
lecules, including genomic and mitochondrial DNA, membrane
lipids and proteins. But they can also lead to reversible oxidations
that play regulatory roles of protein function. Within proteins, the
thiol group (-SH) of cysteine (Cys) can be oxidized in several ways:
two thiols can form a disulfide bond as in some proteins (PSSP), or
mixed disulfide in glutathionylated proteins (PSSG). Additionally,
cysteine can be reversibly oxidized by ROS or RNS to sulfenic acid
(-SOH) and nitrosothiol (-SNO). The nitrosylation of reactive cy-
steine residues in proteins takes part in NO signaling processes
and can affect a multitude of intracellular events, beneficial or
harmful, depending upon biological context [18-22].

The redox states of Cys residues are controlled by two major
cellular systems, the Trx/thioredoxin reductase system and the
glutathione (GSH)/Grx system [15,23,24]. The Trx system consists
of redox active Trx, thioredoxin reductase (TrxR) and NADPH,
which are critical for maintaining DNA synthesis and the cellular
redox balance. Human Trx1 and TrxR1 are located in cell cytosol/
nucleus. The Grx system consists of Grx, GSH and NADPH-de-
pendent glutathione reductase. Human Grx1 is located in the cy-
tosol [25] and is involved in redox-regulation through the reduc-
tion of protein disulfides and mixed disulfides, e.g. deglutathio-
nylation of proteins [24,26].

A relationship exists between redoxins levels and apoptosis
with consequences for the resistance or the development of can-
cer. As an antioxidant system Trx/TrxR catalyzes the

denitrosylation of SNO-caspase-3 [27| and some experimental
data suggested that it also participates in the denitrosylation of
SNO-caspase-9 and the reductive reactivation of caspase-8 [28].
But as a pro-oxidant Trx has been described trans-nitrosylating
and inactivating caspase-3 thus showing an anti-apoptotic action
[29].

It has been shown that Trx1 and TrxR1 are often overexpressed
in tumor cells and that high Trx could be linked to drug resistance
during cancer treatment [30]. Other studies suggest that high Trx
and TrxR may induce apoptosis and reduce the mitotic index of
certain tumors linked to p53 dependent cell death [31]. Reduced
Trx is a negative regulator of ASK1 (apoptotic-inducing kinase),
which relates the Trx system to evasion of apoptosis [32]. Another
apoptosis-regulatory enzyme whose nitrosylation status is re-
versibly regulated by Trx1 is glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) [33]. Because reduced Trx1 plays a critical role
in cellular proliferation and viability, excessive oxidation of Trx
will lead to cell death [30,34].

On the other hand, Grx1 plays an important role in protecting
cells from apoptosis by regulating the redox state of Aktl, also
called protein kinase B (PKB), that has consequences for cell sur-
vival and also affect the multiple roles played by Akt1, as in the
Akt-mTOR signaling cascade [35]. Mitochondrial Grx2 also exerts a
protective effect on mitochondrial mediated apoptosis, preventing
cardiolipin oxidation and cytochrome c release [36].

The intracellular mechanism regulating cell death and cell
proliferation are intimately connected and different studies have
shown that NO production has an important role in the regulation
of the carcinogenic process. For instance, S-nitrosylation of some
proteins, such as GAPDH and CD95, stimulates apoptosis whereas
S-nitrosylation of other proteins, such as caspases and Bcl-2, in-
hibits apoptosis [33]. NO exerts an antineoplastic effect in tumoral
cells by increasing cell death [37] and a specific pattern of S-ni-
trosylation has been observed during induction of apoptosis in
hepatocytes [38].

The role of antioxidants in cancer has been controversial for
decades. On one hand, ROS could mediate the activation of mul-
tiple signaling cascades that promote cell proliferation and on the
other hand, the consequent increase in oxidative stress could
cause senescence or apoptosis and became a tumor suppressor.
Recent evidence indicates that antioxidants such as GSH and Trx
can actually contribute to tumorigenesis by preventing ROS accu-
mulation in cancer cells. The cellular response will depend on the
levels of ROS and antioxidant status in the cell [31,39,40].

The main objective of this study was to ascertain whether Trx
and/or Grx systems mediate the antiproliferative effect of NO on
hepatoblastoma cells by modulating the redox-state of key pro-
teins. We demonstrate that Trx1 and Grx1 behave differentially
depending on the intracellular oxidative/nitrosative stress in
HepG2 cells. They are required for proliferation but they also
contribute to the antiproliferative effect of NO, associated with
Akt1 redox changes.

2. Material and methods
2.1. Materials

All reagents were of analytical grade and were purchased from
Sigma, unless otherwise specified.

HepG2 cell line used in this work was obtained from ATCC LGC
Standards Company (Teddington, UK). Cell culture dish and flasks
were from TPP (Switzerland). Anti-Trx1 and anti-Grx1 were ob-
tained from rabbit in our laboratory. Antibodies against STAT3,
MAPK, Thr?°?/Tyr?°4p-MAPK (p-MAPK) and Ser*’3p-Akt (p-Akt)
were from Cell Signaling Technology. Antibodies against ACO1 and
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UROD were from Aviva Systems Biology (San Diego, CA, USA).
Antibodies against ACO2, TKT, TXNIP, Akt1, MATII, Bcl2, PKM2,
caspase-3, CD95, NOS-3 and f-actin were from Santa Cruz Bio-
technology, Inc. (Dallas, TX, USA). Anti-TrxR1 was from Abcam, Inc.
Secondary antibodies were from Sigma. ECL was from GE
Healthcare (Wauwatosa, Wisconsin, USA). Caspase substrates Ac-
DEVD-AFC, Ac-LETD-AFC and Ac-LEHD-AFC were from Alexis
Biochemicals (Enzo Life Sciences, Farmingdale, NY, USA). DNAse |
was from Ambion Life Technologies, Inc. (Foster City, California).
siRNA for Grx1 and Trx1, and DharmaFECT 1 were from GE
Healthcare Dharmacon, Inc. (Wauwatosa, Wisconsin, USA).

2.2. Cell growth conditions

HepG2 cells were transfected with the pcDNA/4TO (5100 bp;
Invitrogen, Molecular Probes, Inc.) expression vector containing
NOS-3 cDNA sequence (3462 bp; NCBI, ImaGenes, full length cDNA
clone sequence BC063294) under the control of the cytomegalo-
virus promoter (4TO-NOS). Cell lineages 4TO and 4TO-NOS were
selected with zeocin (15 mg/L; Invitrogen) as described by Gon-
zalez et al. [37]. Cells were maintained in EMEM Medium (Mini-
mum Essential Medium Eagle), pH 7.4, supplemented with 10%
fetal bovine serum, 2.2 g/L HCO3Na, 1 mM sodium pyruvate, 100 U/
L penicillin, 100 pg/mL streptomycin, 0.25 pg/mL amphotericin,
and the corresponding selective zeocin antibiotic in 5% CO, at-
mosphere at 37 °C. The experiments were routinely carried out at
100,000 cells/cm?. Cell extracts were obtained using lysis solution
containing 50 mM HEPES (pH 7.5), 2 mM EDTA, 100 mM Nacl, 0.6%
Nonidet NP-40, 1 mM phenylmethylsulfonyl fluoride (PMSF),
5 pg/mL aprotinin, 10 pg/mL leupeptin. Afterward, samples were
homogenized and centrifuged at 15,000 g for 5 min at 4 °C and the
supernatant was stored at —80 °C until use.

2.3. Assay of enzymatic activities

Grx activity was determined spectrophotometrically by mea-
suring the reduction of 0.5 mM 2-hydroxyethyl disulfide (HED) by
0.5mM GSH in the presence of NADPH and 0.5 units of yeast
glutathione reductase, at 25 °C. The disappearance of NADPH was
monitored at 340 nm [41]. Trx activity was determined spectro-
photometrically by measuring its ability to reduce insulin dis-
ulfides in the presence of NADPH and rat thioredoxin reductase
[42]. An assay mixture was prepared by mixing 200 pL 1 M HEPES
pH 7.6, 40 pL 0.2 M EDTA, 40 pL 40 mM NADPH and 500 pL insulin
(10 mg/mL). 40 pL of this mixture was added to test tubes con-
taining 20 pL mammalian TrxR (1 pg) and the sample of protein
and the assay volume was completed up to 120 pL with water. The
tubes were incubated at 37 °C for 20 min and the reaction was
stopped by the addition of 500 pL of a solution containing
0.4 mg/mL DTNB in 6 M guanidine-HCl, 50 mM Tris-HCl, pH 7.5.
The absorbance at 412 nm was determined.

2.4. SDS-PAGE and Western blotting

The protein expression of Trx1, TrxR1, TXNIP, Grx1, Bcl-2,
STAT3, Akt1, p-Akt, MAPK, p-MAPK, MATII, UROD, ACO, PKM2, TKL,
caspase-3, CD95, NOS-3 and TKT were determined by SDS-PAGE
coupled to Western blotting analysis. SDS-PAGE was performed
with homogeneous 6% (NOS-3) 8% (STAT3, MAPK, ACO1, and TKT),
10% (Trx1, TXNIP, Akt, MATII, UROD, and ACO2), 12% (CD95) and
14% (Trx1, Grx1, Bcl-2, PKM2, and caspase-3) acrylamide gels. After
electrophoresis, proteins were transferred to nitrocellulose mem-
brane with a semi-dry electrophoretic transfer system (Bio-Rad).
The membranes were incubated overnight at 4 °C with the cor-
responding primary antibodies against Thr2%?/Tyr?%4p-MAPK,
1:2000 dilution; or against ACO1 and UROD, 1:500 dilution; or

against Trx1, Grx1, STAT3, MAPK, ACO2, TKT, TXNIP, TrxR1, Akt1,
Ser*3p-Akt, MATII, Bcl-2, PKM2, caspase-3, CD95 and NOS-3,
1:1000 dilution. Then washed and incubated with the corre-
sponding secondary antibodies conjugated to peroxidase (anti-
rabbit, anti-goat or anti-mouse) used at 1:8000 dilution and the
chemiluminescent signal was induced by ECL reagent. P-actin
detected with the corresponding antibody at 1:5000 dilution, was
used as cell protein-loading control.

2.5. Measurement of cell death

Caspase-8, caspase-9 and caspase-3-associated activities were
determined using the corresponding peptide-based substrates
(100 pM) in the reaction mixture (50 mM HEPES, pH 7.5, 100 mM
NaCl, 10% sucrose, 0.1% Chaps, 1 mM EDTA and 5 mM DTT). The
substrates used were Ac-DEVD-AFC, Ac-LETD-AFC and Ac-LEHD-
AFC for caspase-3, -8, and -9, respectively. The fluorescence due to
the reaction product was recorded with a GENlos Microplate
Reader (TECAN) set at 400 nm excitation and 505 nm emission
[37].

The level of protein caspase-3-active fragment (p17) and cell
death receptor, CD95, were also determined by SDS-PAGE coupled
to Western blotting analysis as described in the previous section.

Apoptosis in HepG2 cells was also analyzed through DNA
fragmentation detected by terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick end labeling (TUNEL) (Biotool). HepG2
cells 72 h after siRNA interference were fixed in 4% paraf-
ormaldehyde solution in PBS (pH 7.4) and later these cells were
permeabilized with 0.2% Triton X-100 solution in PBS. Processing
the cells was performed according to the recommendations of the
manufacturer (Biotool) using DAPI (Molecular Probes) to stain the
cell nuclei. Fluorescence provided by the cells was analyzed with
fluorescence microscope (Olympus BX43) using standard fluor-
escein filter set to view the Apo-green fluorescence at 520+ 20 nm
and view blue DAPI at 460 nm.

2.6. Cell viability and total number of cells

Total number of cells and cell viability in a HepG2 cell sus-
pension were determined using the trypan blue dye exclusion
method. The cells attached to the plate were washed with PBS and
trypsinized for 7 min at 37 °C followed by incubation with com-
plemented culture medium to halt the effect of trypsin. The cell
suspension was centrifuged at 238g for 5 min at room temperature
and the pellet was resuspended in 0.5 mL complemented culture
medium. Cell viability and total number of cells were measured by
mixing equal volumes of cell suspension and trypan blue. A viable
cell will have a clear cytoplasm whereas a non-viable cell will have
a blue cytoplasm. Cell viability was obtained by referring the
number of living cells to the total number of cells in the initial cell
suspension.

2.7. Cell proliferation

This parameter was analyzed using a cell proliferation colori-
metric ELISA (Roche Applied Science) based on the measurement
of BrdU incorporation during DNA synthesis in proliferating cells.
Cells were cultured (20,000 cells/cm?) in flat-bottomed 96-well
multiplates at 37 °C and 5% CO,. 72 h after siRNA Trx1 and Grx1
downregulation HepG2 cells were incubated with 10 uM BrdU
labeling solution for 6 h at 37 °C. Later on were followed the steps
according to the recommendations of the manufacturer (Roche)
and detected the absorbance of the samples at 370 nm (reference
wavelength 492 nm).
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2.8. Determination of nitrotyrosine

The levels of nitrotyrosine were determined by Western blot-
ting after 12% non-reducing SDS-PAGE as described before. The
primary antibody was anti-3-nitrotyrosine (1:1000) from Sigma.

2.9. Silencing of Grx1 and Trx1

Human Grx1 and Trx1 were knocked-down in wild type, 4TO
and 4TO-NOS cells using specific siRNA in 6-well plate
(20,000 cells/cm?) according to the manufacturer's recommenda-
tions (Dharmacon, GE Healthcare Life Sciences). Grx and Trx siRNA
(25 nmol) were mixed with the transfection reagent DharmaFECT
1, previously pre-incubated with culture medium (antibiotic/an-
timycotic and serum free), and incubated for 20 min at room
temperature. These interference solutions were added to cells in
2% of culture medium without antibiotic/antimycotic solution and
kept for 72 h [43].

2.10. Redox mobility shift assay

Cells were treated with lysis buffer consisting of 50 mM HEPES
pH 7.5, 2 mM EDTA, 100 mM NaCl, 1% Nonidet NP-40, 8 M urea,
1 mM PMSF and containing 5 mM N-ethylmaleimide (NEM) to
block all free cysteine thiols. The lysates were centrifuged at
15,000 g for 5 min at 4 °C and the supernatant was desalted with
Zeba spin desalting columns (Thermo Scientific Pierce) to elim-
inate the remaining NEM reagent, and then treated with 5 mM Tris
(2-carboxyethyl)phosphine (TCEP) at room temperature for
30 min to reduce all cysteine disulfides. Recovered cysteine thiols
were reacted at room temperature for 4 h with 6.25 mM Methyl-
PEG,4-Maleimide (MM(PEG)24, Thermo Scientific Pierce), which
adds a 1239.44 Da label to any free thiol present, and desalted
again on Zeba spin desalting columns. Labeled proteins in the

samples processed this way would show an increase of 1.2 kDa in
their apparent Mw per each reversibly oxidized cysteine, com-
pared to the same protein with their cysteines originally in the free
thiol form, which had been initially blocked with the non-PEG
maleimide reagent present in the lysis buffer. Protein concentra-
tion was determined and the samples were processed for SDS-
PAGE and Western blotting as described above.

2.11. Statistical analysis

Results are expressed as mean + SEM of three independent
experiments. Data were compared using ANOVA with the least
significant difference test a post hoc multiple comparison analysis.
The threshold for statistically significant differences was set at
p < 0.05. The values labeled with “a” were significantly different
versus the corresponding internal control in the same cell lineage.
The values labeled with “b” were significantly different versus the
corresponding control cell lineage.

3. Results
3.1. Characterization of NOS-3 overexpressing HepG2 cells

NOS-3 overexpression was performed as described before and
was confirmed by measurement of mRNA and protein levels by
Western blotting (supplementary Fig. STA and B) CD95 protein
levels and caspase-3, -8 and -9 activities were also determined and
confirmed that their levels increased significantly in NOS-3 over-
expressing HepG2 cells (supplementary Fig. S1C-F). The con-
centrations of NO and ROS were =~ 40% higher and the levels of
nitrite and nitrate in the culture medium also increased sig-
nificantly in NOS-3 overexpressing cells compared to the cells
carrying the empty plasmid, as described before [37]. These results
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Fig. 1. Effect of high levels of NO on different metabolic pathways. Western blot analysis of the expression of different metabolism proteins and their relative quantitation in
the HepG2 wild type cells (WT) and control cells (4TO), as well as in NOS-3 overexpressing cells (4TO-NOS). The levels of two key cytosolic proteins involved in iron
metabolism, ACO1 (A), and one carbon metabolism, MATII (B), were significantly lower in NOS-3 overexpressing cells compared to control cells. However, mitochondrial
ACO2 from energy metabolism and cytosolic UROD (heme biosynthesis), PKM2 (glycolysis) and TKT (pentose phosphate pathway) were up-regulated in NOS-3 over-
expressing cells (C-F). Data are presented as mean + SEM (n=3 independent experiments). The values labeled with “a” were significantly different (p < 0.05) versus the
corresponding control cell lineage. The images are representative of three different experiments.
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indicate that NOS3 overexpressing cells are subject to oxidative
stress and that the apoptotic pathways are activated.

3.2. Effect of high levels of NO produced by overexpression of NOS-3
on different metabolic pathways

Metabolic impairment is a characteristic feature of tumor cells
due to the demand of biomass for cellular division, so we analyzed
several checkpoints of biosynthetic, energetic and iron metabolic
pathways. ACO1, a marker of cytosolic iron homeostasis and MATII
involved in one carbon metabolism were diminished in NOS-3
overexpressing cells (Fig. 1A and B). By contrast, mitochondrial
ACO2 from energy metabolism and cytosolic UROD (heme bio-
synthesis), PKM2 (glycolysis) and TKT (pentose phosphate path-
way) increased significantly under NOS-3 overexpression condi-
tions (Fig. 1C-F). These results confirm that NOS3 overexpression
induces a marked metabolic rearrangement in HepG2 cells.

3.3. Effect of high levels of NO produced by overexpression of NOS-3
on different signaling pathways

Growing evidence shows that some transcription factors and
proteins involved in signaling pathways could be modulated by
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both oxidation/reduction and phosphorylation [44]. We choose
several well-established representative proteins involved in cell
survival pathways to study their response to the oxidative condi-
tions prevailing in NOS-3 overexpressing cells. MAPK, p-MAPK,
Bcl-2, STAT3, Akt1l and p-Akt, were all significantly increased in
NOS-3 overexpressing cells compared to the control cells (Fig. 2A-
F). The ratio of p-MAPK/MAPK increased markedly as a con-
sequence of empty vector introduction but was further increased
in NOS3 overexpressing cells (Fig. 2G). However, the ratio p-Akt/
Akt1 did not change significantly despite the increase in both
forms (Fig. 2H). These results demonstrate that the cell signaling
pathways are thoroughly affected by overexpression of NOS3.

3.4. Effect of overexpression of NOS-3 on the redoxin levels

Proteins related to the thioredoxin and glutaredoxin systems
are prominent players in thiol redox homeostasis in cells and were
studied. Protein levels and activity of Trx1, Grx1 and levels of
TrxR1 and TXNIP, increased significantly in NOS-3 overexpressing
HepG2 cells (Fig. 3A-F). The simultaneous increase of both Trx1
and its opposing protein TXNIP is a conflicting situation likely a
reflection of the cellular response to redox changes under the
prevailing nitrosative conditions where Trx1 and TXNIP may not
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Fig. 2. Effect of NOS-3 overexpression on different signaling pathways. Western blot analysis of the expression of different signaling proteins and their relative quantitation
in the HepG2 wild type cells (WT) and control cells (4TO), as well as in NOS-3 overexpressing cells (4TO-NOS). The levels of MAPK (A), p-MAPK (B), Bcl-2 (C), STAT3 (D), Akt1
(E) and p-Akt (F) were all significantly increased in NOS-3 overexpressing cells compared to cells transfected with the empty vector. The proportion of p-MAPK/MAPK ratio
increased markedly (G) whereas the p-Akt relative to total Akt1 did not change (H). Data are presented as mean + SEM (n=3 independent experiments). The values labeled
with “a” were significantly different versus the corresponding control cell lineage. The images are representative of three different experiments.
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be interacting (see below).

3.5. Effect of overexpression of NOS-3 on thiolic redox state of several
proteins

Thiol redox changes may be part of regulatory mechanisms of
proteins, so we analyzed the thiolic redox state of several proteins
to check whether this type of mechanism could be potentially
operative in NOS3 overexpressing cells. We have detected a redox
shift of ACO1 and UROD towards more oxidized states (Fig. 4A and
B), which could result in iron metabolism perturbation. Signaling
pathways could also be affected by redox changes since Aktl
shifted to more oxidized state under nitrosative pressure (Fig. 4C).
Changes in the redox state of MAPK, STAT3 and Bcl-2 could not be
detected under our experimental conditions and with our redox
electrophoretic mobility shift assay. However, the thiolic redox
state of Trx1 and Grx1 shifted to more oxidized in the NOS-3
overexpressing cells (Fig. 4D and E) a likely consequence of the
nitrosative and oxidative stress [37].

3.6. Specific silencing of Trx1 and Grx1

As shown above, Trx1 and Grx1 levels increased upon NOS3
overexpression in HepG2 cells. To go deep into the role of these
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proteins in the adaptation to high NO levels, we studied the effect
of down-regulation of both proteins. Treatment of WT, 4TO and
NOS-3 overexpressing HepG2 cells with vectors harboring siRNA
specifically directed to Trx1 and Grx1 mRNA produced a ~ 75%
decrease in Trx1 and Grx1 protein levels in the three cell lineages
(Fig. 5A and C). These changes in protein levels were accompanied
by equivalent functional fall off, as indicated by their canonical
enzymatic activities (Fig. 5B and D).

3.7. Effect of Trx1 and Grx1 silencing on the levels of tyrosine ni-
tration in normal and NOS-3 overexpressing HepG2 cells

Tyrosine nitration is mediated by reactive nitrogen species such
as peroxynitrite (ONOO ™) anion and nitrogen dioxide, formed as
secondary products of NO metabolism in the presence of oxidants
including superoxide radicals (O, ~) and hydrogen peroxide
(H20) [45]. For this reason, the level of Tyr nitration is indicative
of the degree of nitrosative and oxidative stress and we measured
it to check the effect of Trx1 and Grx1. Overexpression of NOS-3 in
HepG2 cells induced protein Tyr nitration (Fig. 6, black bars). Si-
lencing of Trx1 and Grx1 also increased protein tyrosine nitration
in wild type and 4TO cells, but, interestingly, had the opposite
effect on NOS-3 overexpressing cells (Fig. 6). These results uncover
an apparent conflict, e.g., a decrease in antioxidant defenses, Trx1
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representative of three different experiments.
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labeled with “b” were significantly different versus the corresponding control cell lineage.

and Grx1, results in alleviation of oxidative stress.

3.8. Cellular proliferation and apoptosis in NOS-3 overexpressing
cells: effect of Trx1 and Grx1

Nitrosative stress in HepG2 cells as a consequence of NOS3
overexpression results in reduction of cell number and prolifera-
tion (Fig. 7A and C) in agreement with a previous report [37]. In
the current study we show that silencing Trx1 or Grx1 further
decreased the number of cells and proliferation in all cell lineages
and siRNATrx further reduced cell viability (Fig. 7A-C). siRNAGrx
or siRNATrx treatments also provoked a striking increase in cas-
pase-3 and caspase-8 activities in all cells (Fig. 7D and E), but
lowered the levels of CD95 in NOS-3 overexpressing cells (Fig. 7F).
Increase in caspases activities was actually accompanied by signs
of increased apoptosis like DNA fragmentation as determined by
TUNEL assay (Fig. 8). These results are worthy of consideration as
they point to a moonlighting role of the redoxins depending on
the prevailing cellular redox conditions as will be discussed in the
next section (Fig. 9).

3.9. Effect of Trx1 and Grx1 silencing on the levels and redox state of
Akt1 in normal and NOS-3 overexpressing HepG2 cells

Akt1 is known to be affected by thiol redox changes and is a
major agent in the control of apoptosis, so it was pertinent to
study its response to redoxins dow-regualtion. Trx1 or Grx1 spe-
cific siRNA counteracted the effect of the NOS-3 overexpression,
regarding both, total levels (Fig. 8A-C) and redox state (Fig. 8D) of
Akt. Grx1 and Trx1 down-regulation shifted Akt towards a more
reduced state but at the same time, there was a parallel marked
decrease in total Akt protein.

4. Discussion

NOS3 overexpression in HepG2 cells induces oxidative stress
and slight but significant activation of apoptosis. In these condi-
tions the cells undergo a pronounced metabolic remodeling as
deduced from the changes observed in the levels of checkpoint
enzymes from key metabolic pathways.

In mammals, there are two genes encoding pyruvate kinase
that produce two isoforms. Whereas PKM1 is a constitutively ac-
tive enzyme, PKM2 is expressed in all cancers and cancer cell lines
studied to date. PKM2 is highly regulated at both the activity and
expression levels allowing this isoform to act as floodgate keeper
to change the metabolic flux from lactate production to NADPH
and anabolic pathways. This metabolic change is particularly re-
levant under conditions of oxidative stress [46], thus explaining
the induction of PKM2 in NOS3 overexpressing cells and in co-
herent with the observed concomitant induction of TKT.

UROD has been considered a target for head and neck cancer
treatment [47]. It plays a key role in the biosynthesis of heme
group and its down-regulation has been shown to increase oxi-
dative stress and affect the cellular iron homeostasis. It's up-reg-
ulation in NOS3 overexpressing cells (Fig. 1D) could be counter-
balanced by inactivation through thiol oxidation [48] as shown in
Fig. 4B. These results, together with the observed down-regulation
of ACO1, indicate that cytosolic iron metabolism is perturbed.

MATs (methionine adenosyltransferases) are regulated by oxi-
dative stress and are associated to different pathologies such as
hepatocellular carcinoma and diabetes [49]. The decrease in MATII
levels we have observed in NOS-3 overexpressing cells mean that
AdoMet levels were reduced in those cells, with negative con-
sequences for nucleotide biosynthesis and hence for proliferation,
which would agree with the results on cell proliferation shown in
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viability in all cell lineages (white bars). Caspase-3 (D) and caspase-8 (E) activities, known markers of apoptosis, were also markedly increased in all cell types by treatment
with either siRNAGrx or siRNATrx, whereas the same treatments offset the increase in CD95 receptor levels induced by NOS-3 overexpression (F). The numbers 1, 2 and
3 refer to control, siRNAGrx and siRNATrx treatments, respectively. Data are presented as mean + SEM (n=3 independent experiments). The values labeled with “a” were
significantly different versus the corresponding internal control in the same cell lineage. The values labeled with “b” were significantly different versus the corresponding
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Fig.7. This situation would make sense under the oxidative con-
ditions prevailing in those cells, since the metabolic flux would be
compensated by diversion towards pentose phosphate pathway
for NADPH production and antioxidant defense.

The serine/threonine kinase Akt is a critical component of an
intracellular signaling pathway that exerts effects on cell survival
and apoptosis. Akt is activated by insulin and various growth and
survival factors. The unphosphorylated form of Akt is inactive and
it is activated by phosphorylation at Thr308 by PDK1 and at Ser473
by mTOR2. It can also be inactivated by protein phosphatase 2A
(PP2A) dephosphorylation when Akt is in its oxidized form [50]. It
has been shown that Grx prevented Akt from forming a specific
disulfide bond and suppressed its association with PP2A under
oxidative stress, resulting in phosphorylation of Akt and inhibition
of apoptosis. In Fig. 2E-H, we show that nitrosative stress caused
the increase of both Akt forms (Akt1 and p-Akt), accompanied by a
shift towards a more oxidized state (Fig. 4C). This would mean that
Akt is prone to inactivation by dephosphotylation under NOS-3
overexpression conditions, which indicates that apoptosis is being
favored.

The redox state and total protein levels of Akt are both under
the influence of Trx1 and Grx1 as will be detailed in another
section below.

The mitogen-activated protein kinase (MAPK) cascades are
multifunctional signaling pathways involved in cell growth, dif-
ferentiation, apoptosis and cellular response to stress. Two differ-
ent MAP kinase cascades that converge to c-Jun N-terminal Ki-
nases (JNK) and p38 MAP Kinases are mainly activated by citotoxic
stresses, oxidative/nitrosative stress and proinflammatory cyto-
kines such as tumor necrosis factor (TNF)-a [32].

Our results show that MAPK is more phosphorylated in NOS3
overexpressing cells and hence less active. At first sight, this result

would conflict with the fact that Trx1 and Grx1 had shifted to
more oxidized state in these cells (Fig. 4D and E) because oxidation
of both redoxins would suppress their inhibiting interaction with
apoptosis signal-regulating kinase 1 (ASK1) [50]. ASK1 would then
be free to initiate the MAPK cascade leading to activation of JNK or
p38 [51]. The explanation of this apparently contradictory result
could be that downstream p38MAPK, which is prone to tyrosine
nitration as opposed to phosphorylation, could not be activated
under the nitrosative pressure with elevated levels of nitrotyrosine
(see Fig. 6).

Human Bcl-2 is an anti-apoptotic, membrane-associated on-
coprotein that can be directly affected by oxidative stress induced
by NO [44] and could play an important role in NO-induced
apoptosis. In Fig. 2C, we show a significant increase in Bcl-2 in
HepG2 cells under nitrosative stress. STAT3, the key cell growth
regulator signal transducer and activator of transcription, is sub-
ject to redox regulation by glutathionylation and ROS trigger tyr-
osine phosphorylation and nuclear translocation of STAT3. Glu-
tathionylated STAT3 was a poor Janus protein tyrosine kinase
2 substrate, and it exhibited low DNA-binding activity [52]. Fur-
thermore, the effect of inactivation of STAT3 has resulted in in-
hibition of growth and metastasis of human hepatocellular carci-
noma cells, and increase in their chemo-sensitivity.

The observed increases in Bcl-2 and STAT3 in NOS3 over-
expressing cells may be part of a counteracting cellular response to
induction of cell death, although the activation state of Bcl-2 and
the glutathionylation state of STAT3 should have to be determined
to support this reasoning. So far, we could not detect redox
changes in both proteins by the electrophoretic redox mobility
shift assay, but ongoing redox proteomic studies could throw light
to this question.

Trx1 was detected in a more oxidized state in NOS3
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Fig. 8. Effect of down-regulation of Grx and Trx on apoptosis. DNA fragmentation in cells detected by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick
end labeling (TUNEL). We have selected representing merged images of FITC and DAPI fluorescence of these treatments in the cell lineages studied (A). Apoptotic nuclei vs.
total nuclei in percentage detected in different fluorescence images of control, sSiRNAGrx and siRNATrx treated cells in 3 independent experiments (B). The values labeled
with “a” were significantly different (p < 0.05) versus the corresponding internal control in the same cell lineage. The values labeled with “b” were significantly different

versus the corresponding control cell lineage.

overexpressing cells than in normal HepG2 cells (Fig. 4D). Trx1 is
mostly found in the cytoplasm; however, it moves to the nucleus
as a response to nitrosative/oxidative stress and this Trx1 nuclear
migration has been described as part of a survival signaling
pathway, associated with intracellular compartmentalization and
activation of ERK1/2 MAP Kinases. TXNIP prevents Trx1 nuclear
migration and its expression was down-regulated in different
human carcinomas [53], however, it binds to reduced Trx1 but not
to oxidized Trx1. Hence, in the oxidative environment of NOS-3
overexpressing cells, inhibition of Trx1 by TXNIP might not be fully
operative despite the increase in TXNIP levels.

The increase in protein Tyr nitration occurring in WT cells upon

Trx1 and Grx1 down-regulation was an indication of oxidative
stress [54], the expected consequence of a drop in thiol anti-
oxidant defenses. However, in NOS-3 overexpressing cells, whose
redoxins levels are markedly higher (Fig. 3), silencing of Trx1 and
Grx1 provokes a decrease in nitro-Tyr levels (Fig. 6). It has been
noted that nitration processes are promoted over other oxidative
modifications in specific protein targets [55] and it has also been
suggested that nitration is a reversible process [56]. Whether the
observed parallel drop in protein nitration and Trx1 and Grx1 le-
vels in NOS-3 overexpressing cells is an indication of specificity of
the nitration process, its reversibility or the degradation of nitrated
proteins, is an interesting matter for further research and adds up



132 R. Gonzdlez et al. / Redox Biology 6 (2015) 122-134

WT 4TO 4TO-NOS
A 1723 123 12 3
- Akt1
08 ----—----B‘actin
I control
.g E:RNZer b
©  0.6][CsiRNATX
£ a
S 04
“ T
= a Bf
=)
g 0.2
Ll
WT 4TO 4TO-NOS
C
3.0 I control
[ siRNAGnx
2 25 ) sRNAT
S 20
g 15
< -
£ 10
<
a 0.51
0

WT 4TO 4TO-NOS

WT 4TO 4TO-NOS
B 172312312 3
= = = = & = &= = — p-Akt
—--..._....-—B-actm
0.6 b
o I control
'g 0.51{ | siRNA Grx
= [ siRNA T
£ 04 | a
e
Q
‘.‘ 0.3 I a
= |
£ 02
<
o 01
0
WT 4TO 4TO-NOS
Akt1
D WT 4TO 4TO-NOS
17231231 23
. O~ -=-0
PN e e - - s t——Rgd
a
, | I control
-§ 0.3 E:IORN:er a b
B [ siRNATr " T
U —
N 021 I
= i
K w a
E=]
01
S b
=
3 o]
x =

WT 4TO 4TO-NOS

Fig. 9. Effect of down-regulation of Grx and Trx on Akt phosphorylation and redox state. Western blot analysis of the expression of Akt1 (A) and p-Akt (B) proteins and their
relative quantitation in the HepG2 wild type cells (WT) and control cells (4TO), as well as in NOS-3 overexpressing cells (4TO-NOS). The numbers 1, 2 and 3 refer to control,
siRNAGrx and siRNATrx treatments, respectively. The enhancing effect of NOS-3 overexpression on Akt1 (A) and p-Akt (B) protein levels was offset by siRNA Grx (gray bars, 2)
and even more by siRNA Trx (white bars, 3). None of these siRNA treatments had effect on the p-Akt/Akt1 ratio (C). However, silencing Grx1 and more prominently Trx1,
shifted the redox state of Akt1 to the reduced form (arrows) in NOS-3 overexpressing cells (D). Data are presented as mean + SEM (n=3 independent experiments). The
values labeled with “a” were significantly different (p < 0.05) versus the corresponding internal control in the same cell lineage. The values labeled with “b” were significantly
different versus the corresponding control cell lineage. The images are representative of three different experiments.

to the debate [57].

The observed neutralization of CD95 induction in NOS-3 over-
expressing cells by Trx1 or Grx1 down regulation (Fig. 7F) suggest
that the high levels of both thiol-disulfide oxidoreductases pre-
vailing in these cells (Fig. 3) are required to induce the expression
of CD95. Activation of the extrinsic apoptotic pathway, indicated
by the increase in caspase-8 activity (Fig. 7E), despite the drop in
dead receptor CD95 levels, points to the operation of other pro-
apoptotic mechanism involving thiol redox changes.

Many reports have documented the influence of redox changes
on the apoptotic signaling pathways in a variety of cell types
through glutathionylation and S-nitrosylation of cysteines in var-
ious proteins along the signaling cascade, from receptors to cas-
pases, with the involvement of Grx and Trx in most cases [58].
Trx1 acting as denitrosylating enzyme counteracted inactivation of
caspase-3 and -8 by S-nitrosylation in HepG2 cells [28]. But on the
other hand, Trx1 can be S-nitrosylated itself [59] and this oxidized

Trx1 can impede apoptosis by S-transnitrosylation of caspase-3
[29,60]. Thus, depending on the redox state of the cell, Trx1 can
catalyze either trans-S-nitrosylation or S-denitrosylation reactions
[29,61]. Total levels of Trx1 increase in NOS-3 overexpressing cells
but a measurable proportion of the protein is in the oxidized state
(Fig. 4D) and could be acting on caspase-3 to inhibit it. This in-
hibitory effect would be alleviated in siRNATrx treated cells in
which the total amount of Trx1 drops down to ~ 25%.

Most of the effects of siRNATrx treatment were also attained by
treatment with siRNAGrx, reflecting a degree of similarity of both
redoxins in the control of redox homeostasis, although differences
also exist. Both proteins have been related to apoptosis regulation
through redox modulation of stress activated and ASK1 [32] al-
though the role of Grx1 has been documented to more extent [50].

This increase of thiolic form of Akt when the levels of thiol
antioxidant redoxins decrease would favor activation by phos-
phorylation and apoptosis inhibition, whereas the parallel
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decrease in total Akt protein would attenuate the antiapoptotic
potential of Akt. This increase of thiolic form of Akt when the le-
vels of thiol antioxidant redoxins decrease may sound contra-
dictory, but could be caused by the proteasome differentially de-
grading the oxidized form, thus unbalancing the redox equilibrium
towards the reduced form. Inactivation and proteasomal de-
gradation of Akt upon Grx1 down-regulation had been observed
before [35]. The effect of down-regulation of Grx1 and Trx1 on Akt
redox state followed the same trend but the changes were more
pronounced when Trx1 was silenced, which could be correlated
with fading of its denitrosylase activity.

5. Conclusions

Overexpression of NOS-3 has antiproliferative effect on HepG2
cells. Activation of apoptosis, as demonstrated by increases in
caspases activity, is the final outcome resulting from the balance of
multilevel and conflicting cellular responses to the oxidative stress
generated by the elevated level of NO. Among these, metabolic
remodeling potentiates the pentose phosphate pathway to in-
crease the metabolic flux towards NADPH production for anti-
oxidant defense at the expenses of lowering nucleotide bio-
synthesis and therefore proliferation. Proteins of the antioxidant
redoxin systems and proteins involved in cell survival pathways
and phosphorylation of MAPK increase significantly. At the same
time, the thiolic redox state of Akt1, Trx1 and Grx1 shifts to more
oxidized.

The important finding of our study is that Trx1 and Grx1,
principal actors of the antioxidant response induced by increased
NO levels, are actually a hindrance to the antiproliferative action of
NO. Down regulation of either redoxin by specific siRNAs activates
caspases dramatically and reduces cell proliferation. These results
support the contention that weakening the thiolic antioxidant
defenses enhances the antiproliferative effects on tumoral cells.
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Quantification of the activity and expression levels of Trx1, Grx1l and Prdx6 in

HepG2 cells subject or not to high levels of NO as well as low levels of Prdx6

According to the objective 4, quantification of the activity and expression levels
of Trx1, Grx1 and Prdx6 in HepG2 cells that express high levels of NO or normal as well

as low levels of Prdx6 was done but these results are not included in the thesis articles.

Methodology

Human Prdx6é was down-regulated in control cells (4TO) and cells that
overexpressed NOS3 (4TO_NOS) using specific SiRNA according to the manufacturer's
recommendations (Dharmacon, GE Healthcare Life Sciences). The cells were incubated
with the interference solution for 72h in 2% culture medium in the absence of

antibiotic/antimycotic solution.

The protein expression of Trx1, Grx1l or Prdx6 were determined by Western
blotting analysis using specific primary antibodies against Trx1 and Grx1, 1:500 dilution;
or Prdx6, 1:2000 dilution(dilution...). The secondary antibodies were conjugated to
peroxidase and the chemiluminescent signal was induced by ECL reagent (Thermo-

Fisher). B-actin protein was used as cell protein-loading control.

Trx activity was determined spectrophotometrically at 412 nm, as described by
Holmgren in 1979, through its ability to reduce insulin disulfides in the presence of
NADPH and rat thioredoxin reductase. Grx activity was also determined
spectrophotometrically, as described by Luthman and Holmgren in 1982, by measuring
the reduction of 2-hydroxyethyl disulfide (HED) in the presence of NADPH and yeast
glutathione reductase. The consumption of NADPH was monitored at 340 nm. By the
other hand, it was not possible to measure the Prdx6-specific peroxidase activity in cell
lysates, but its phospholipase A2 activity (PLA2) was assayed using the Red/Green
BODIPY based EnzChek Phospholipase A2 Assay (Invitrogen) in the presence or
absence of MJ33. The samples were measured at excitation 460 nm and emission 515

nm.
Results and Discussion

As proof of concept, it has always been checked by Western Blot the Prdx6

silencing and in all cases, the Prdx6 levels went down ~ 60%. The level of Prdx6 does



not change in cells that overexpressed NOS3 with respect to control cells. The PLA2
assay gives a high variability and, although the resulting data from four different
experiments were not statistically significant, a trend was observed with higher activity in
NOS3 overexpressing cells. Prdx6 is S-nitrositated in NOS3 overexpressing HepG2 cells

as shown in Article 1.

Regarding Trx1 and Grx1, the results obtained showed that Prdx6 silencing did
not significantly affect the activity and expression of Trx1 and Grx1 in both normal cells
and those that overexpressed NOS3. However, proteins levels and activity of Trx1 and
Grx1l show a tendency to increase in NOS3 overexpressing HepG2 cells as it is

published (Gonzalez R., et al. 2015) (Other scientific contributions).
Conclusion

There is a cross-relationship between the signaling function of NO and the activity

of Prdx6 that may be due to its regulation by S-nitrositation.



Generation of a stable HepG2 cell line Knockout for Prdx6 (HepG2prdx6-/-) by
CRISPR/Cas9

According to the objective 7, the HepG2 Knockout cell line for Prdx6 through
CRISPR/Cas9 technology was obtained.

Methodology

The CRISPR-Cas9 technique was used into the human hepatocarcinoma cell line
HepG2, transfected using lipofectamine (LipofectamineTM CRISPRMAX Cas9
Transfection Reagent, Thermo Fisher) with a specific gRNA directed to the peroxiredoxin
6 gene and with the Cas9 nuclease (TrueCutTM Cas9 Protein v2, Thermo Fisher),
responsible for the double chain cut in DNA. This gRNA was designed using the website
of “Thermo Fisher TrueGuide Synthetic gRNA” so that the double-stranded cut was
directed towards the third coding region of human prdx6 gene. To optimize the
transfection method, different proportions of Cas9 nuclease and gRNA were used
following the instructions of the manufacturer and then the efficiency of the CRISPR-
Cas9 technique was calculated using a kit (GeneArtTM Genomic Cleavage Detection Kit,

Thermo Fisher).

The cells, preserved after transfection, were used to carry out a limit dilution in
96-well plates. Due to the difficulty of HepG2 cells to grow isolated, the medium was
supplemented with the 50% of filtered medium used to grow the HepG2 cells
(approximately at 50% confluence) to provide the growth and survival factors necessary
for a greater number of isolated cells to grow in the different wells of the 96-well plate.
The selected clones were transfected to 24-well plates for later analysis by Western
blotting (WB) with specific antibodies against Prdx6 (Abcam). Moreover, the sequence
analysis of peroxiredoxin 6 gene of the positive clone was carried out through Sanger
sequencing methods using primers which encoding the peroxiredoxin 6 gene area that

would be susceptible for cutting by Cas9.

Results and Discussion

The best efficiency of transformation was obtained with 1:2 proportions of Cas9
nuclease and gRNA, getting an efficiency of 0.153, which meant a probability of yield a
knockout clone of 3.3%. A number of 157 clones grew and them, they were transfected

to 24-well plates for later analysis by WB. All of them were analyzed and only clone 39



did not express Prdx6. This knockout for Prdx6 was characterized and sequence
analysis allowed to know that both alleles were mutated by deletion: one allele had a

deletion of one nucleotide and the other had elimination of 11 nucleotides.

Conclusion

A stable HepG2 cell line knockout for human Prdx6 has been successfully
obtained by CRISPR/Cas9 technology. The mutation has been characterized and has
been shown to be a biallelic and heterozygotic deletion.



