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ARTICLE INFO ABSTRACT

Intermediate filaments (IFs) play key roles in cell mechanics, signaling and homeostasis. Their assembly and
dynamics are finely regulated by posttranslational modifications. The type III IFs, vimentin, desmin, peripherin
GFAP and glial fibrillary acidic protein (GFAP), are targets for diverse modifications by oxidants and electrophiles, for
Desmin which their conserved cysteine residue emerges as a hot spot. Pathophysiological examples of these modifica-
REdo’f Sens‘,ng . . tions include lipoxidation in cell senescence and rheumatoid arthritis, disulfide formation in cataracts and ni-
Cysteine oxidative modifications .. . C e e
Lipoxidation trosation in endothelial shear stress, although some oxidative modifications can also be detected under basal
conditions. We previously proposed that cysteine residues of vimentin and GFAP act as sensors for oxidative and
electrophilic stress, and as hinges influencing filament assembly. Accumulating evidence indicates that the
structurally diverse cysteine modifications, either per se or in combination with other posttranslational mod-
ifications, elicit specific functional outcomes inducing distinct assemblies or network rearrangements, including
filament stabilization, bundling or fragmentation. Cysteine-deficient mutants are protected from these altera-
tions but show compromised cellular performance in network assembly and expansion, organelle positioning and
aggresome formation, revealing the importance of this residue. Therefore, the high susceptibility to modification
of the conserved cysteine of type III IFs and its cornerstone position in filament architecture sustains their role in
redox sensing and integration of cellular responses. This has deep pathophysiological implications and supports
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the potential of this residue as a drug target.

1. Introduction

Intermediate filaments (IFs) are cytoskeletal structures critical for
cell mechanics, which maintain a close interplay with the other cytos-
keletal systems, namely, actin microfilaments and microtubules [1,2].
IFs act as integrators of cytoskeletal responses and cell behavior. They
are constituted by homo- or heterooligomers of proteins, which are
classified into six different families depending on their structure. Ker-
atins (types I and II), vimentin (type III) and nuclear lamins (type V) are
examples of the different protein families and illustrate the critical roles
of IFs in epithelial biology, cytoplasmic and nuclear mechanics and
stress sensing, and nuclear support and function, respectively [3].
Mutations in many IF proteins lead to devastating diseases, ranging
from epidermolysis bullosa (keratin) [4] to premature aging syndromes
(lamins) [5], which highlight their key function in cell and organism
homeostasis.

The type III IF protein family comprises vimentin, glial fibrillary
acidic protein (GFAP), desmin and peripherin, which are important

components of the cytoplasmic cytoskeleton and are expressed in spe-
cific cell types. Vimentin is present mainly in cells of mesenchymal
origin and is the most widely expressed type III IF protein [6,7],
whereas the expression of desmin, GFAP and peripherin is mainly re-
stricted to the muscle and glial cells and neurons of the peripheral
system, respectively [6]. Vimentin is also the most thoroughly studied
member and is frequently considered as a prototype for the assembly,
regulation and implications of the constituents of this family [7].
Therefore, many of the features outlined below derive from research on
vimentin.

Type III IF proteins form a dynamic network that typically extends
from the periphery of the nucleus to the cell membrane, interacting
with and seemingly modulating the behavior of the actin and tubulin
cytoskeletons [7-10]. Vimentin influences many critical cellular pro-
cesses including cell plasticity and mechanics, deformability, cell cortex
properties in interphase and mitosis, migration and adhesion, cell di-
vision, organelle positioning, and nucleus and DNA integrity under
stress [6-8,11-13]. In turn, GFAP has been involved in astrocyte
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Abbreviations
AD Alzheimer's disease
AxD Alexander's disease

15d-PGJ, 15-deoxy-A'%!*-prostaglandin J,

cyPG cyclopentenone prostaglandin(s)
eNOS endotelial nitric oxide synthase
IF intermediate filament

GFAP glial fibrillary acidic protein

HNE 4-hydroxynonenal

MDA malondialdehyde

PCF protein carbonyl formation

PTM posttranslational modification

RAGE  receptor for advanced glycation end products
ULF unit length filament

WFA withaferin A

migration, integrity and signaling [14], whereas desmin is important
for striated muscle cell differentiation and survival, mitochondrial
function and mechanochemical signaling [6,15]. Therefore, these pro-
teins function in the maintenance of normal cell homeostasis and their
alterations are involved in pathology, including cancer aggressiveness
and invasion, heart disease and neurodegenerative disease in the case of
vimentin, desmin and GFAP, respectively [15-17].

1.1. Structural aspects of type III IFs

IF proteins share a three domain structure comprising a disordered
N-terminal head, a central a-helical rod domain and a disordered C-
terminal tail (Fig. 1). The rod domain is in turn divided into several a-
helical segments joined by linkers. Several excellent reviews have
covered the vast work performed on the structure and assembly of these
proteins [3,18]. Therefore, only a simplified view will be provided in
this review. Exhaustive in vitro work has outlined the process of fila-
ment formation. The disposition of hydrophobic residues of the rod
towards the same side of the a-helix favors monomer association into
parallel coiled-coil dimers. Then, dimers associate into staggered anti-
parallel tetramers, a process favored by electrostatic interactions due to
the periodical arrangement of positive and negative charge spots. Tet-
ramers then associate laterally to form short “cylinders”, known as
“unit-length filaments” (ULFs), typically constituted by eight tetramers.
These units connect end to end to form filaments. However, given the
staggered disposition of dimers in tetramers, considerable imbrication
of dimer extremities needs to occur during filament elongation. In fact,
superposition of N-and C-terminal ends of the rod domains of con-
secutive ULFs, involving an approximately 30-residue overlap, has been
proposed for vimentin [19].

The complete crystal structures of vimentin, or other type III IF
proteins, are not available yet. Nevertheless, integration of the in-
formation from a variety of structural techniques, together with mole-
cular modeling, have rendered an advanced view of the configuration
of tetrameric vimentin and have provided models for the disposition of
vimentin in filaments [18,20]. Importantly, early crosslinking experi-
ments already indicated that vimentin undergoes important re-
organization during filament assembly and elongation [21,22]. It is
accepted that, within filaments, different vimentin tetramer con-
formations coexist, depending on the relative positions of dimers, which
can adopt N-terminal or C-terminal overlaps or N-terminus-C-terminus
coupling, known as Al1l, A22 and ACN conformations, respectively
(Fig. 1). Recently, strategies like deuterium exchange, electron para-
magnetic resonance and molecular dynamics have provided further
insight into IF protein organization [20,23,24].

Type III IF proteins share a high degree of sequence identity, not
only among the members of the family but also between species.
Therefore, the positions of hydrophobic residues and clusters of charged
amino acids are highly conserved. Moreover, these proteins present
numerous target residues for phosphorylation, mainly in the head do-
main, which are very important for the regulation of filament assembly.
Remarkably, all members of this family possess a cysteine residue, lo-
cated at positions 328, 294, 333 and 324 (numbered from the initial
methionine) in the sequences of human vimentin, GFAP, desmin and
peripherin, respectively, which in the first three members is also the

only cysteine residue. Moreover, this residue is conserved in all species,
from zebra fish to humans. The conserved cysteine residue is located in
the last coil segment of the rod, facing outwards from the vimentin
dimer [25]. Notably, whereas in the A1l tetramer cysteine residues
from different dimers will be far apart, in the A22 tetramer con-
formation, the cysteine residues would be closer. Nevertheless, in-
formation on the three-dimensional organization of tetramers in the
body of the filament would be necessary in order to ascertain the re-
lative positions of cysteine residues from different tetramers. From the
existing models of vimentin [19,24], it could be hypothesized that the
cysteine residue would occupy a position close to the space needed for
the interdigitation of adjacent ULFs during elongation (Fig. 1). There-
fore, bulky modifications of this residue could lead to alterations in
assembly. In the context of oxidative modifications, other nucleophilic
residues prone to oxidation or adduction of electrophiles, including
several histidine, lysine and arginine residues, as well as the single
tryptophan (W290 in vimentin), are also conserved among members of
the type III IF family, as well as between species [26,27].

1.2. Posttranslational modifications of type III IFs

In cells, type III IFs are under constant remodeling through the ex-
change between the assembled polymers and the pool of soluble sub-
units, and their dynamics is tightly controlled by posttranslational
modifications (PTMs), mainly phosphorylation [28]. Regulation of vi-
mentin by phosphorylation is critical in mitosis, where the spatio-
temporally concerted action of several kinases allows its reorganization,
which is important for completion of cytokinesis [29]. In addition, the
extent of phosphorylation together with protein-protein interactions
influences whether vimentin is disassembled in mitosis or remains in
filaments [30] that intertwine with and modulate the actin cortex, al-
lowing proper mitosis progression [8].

Type III IFs can suffer diverse enzymatic PTMs, including ubiquiti-
nation and sumoylation [31], glycosylation [32], proteolysis [33], and
acetylation [34]. One important modification with significant patho-
physiological consequences is citrullination [35]. Citrullinated vi-
mentin is an autoantigen involved in the pathogenesis of rheumatoid
arthritis and in antitumor immunity [36,37]. In turn, citrullinated
GFAP has been detected in several diseases, including Alzheimer's dis-
ease (AD) and multiple sclerosis, and it has been reported to constitute
an early response to retinal injury [38,39]. Enzymatic PTMs of type III
IF proteins have been considered in several important reviews [31,40].
Nevertheless, type III IFs are also subjected to numerous non-enzymatic
modifications, including those induced by oxidants and electrophiles,
which are arising as important determinants in filament structure and
function and will be considered in more detail below.

1.3. General aspects of PTMs frequently associated with oxidative stress

All cells are exposed to reactive oxygen and/or nitrogen species
(ROS/RNS) and possess defense mechanisms to avoid excessive oxida-
tion. Oxidative stress arises when oxidant levels, either from en-
dogenous or exogenous sources, surpass the cellular antioxidant de-
fenses. Protein oxidation can occur upon exposure to diverse oxidant
species and induce multiple structural alterations. Several excellent
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recent reviews have addressed the oxidative modifications of proteins
[41,42], and of cysteine residues in particular [43,44], and provided
detailed methodological information for their assessment. In addition,
oxidative stress can increase the production of electrophilic species

eliciting additional PTMs.

Depending on their type and/or extent, oxidative and electrophile-
induced PTMs can contribute to cell homeostasis, signaling or stimu-
lation of antioxidant defenses, or result in protein dysfunction,

(caption on next page)
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Fig. 1. Schematic features of type III intermediate filament proteins and cartoon view of their assembly. The length of the full protein and of the head, rod and
tail domains is shown for the four members of the type III class of IF (upper panel). Dots indicate the position of the conserved cysteine residue (black) and that of the
additional cysteine of peripherin (red). Amino acid numbering for the various domains corresponds to the following entries from Uniprot: vimentin, P08670; GFAPa,
P14136; desmin, P17661; peripherin, P41219. The lower panel depicts a cartoon view interpretation of the assembly process of type III IFs, as inferred from
numerous in vitro works (see the text for details). Please note that in unit length filaments (ULFs), individual tetramers are deliberately not perfectly aligned. The 2-
ULF “filament” shown at the bottom illustrates the potentially critical position of the cysteine residue, which could lie close to the region required for the “plugging”
of two ULFs. Modifications of this residue with bulky moieties may have important consequences for filament assembly or elongation. Although the Al1 tetramer
assembly is considered the starting unit, once assembled in filaments, vimentin dimers can fall in different relative positions, giving rise to several tetrameric
configurations, including those outlined in the figure by color shadowing: A11 tetramer (blue), ACN tetramer (yellow) and A22 tetramer (green). These tetrameric
configurations have been schematically extracted at the right for easier visualization. Depictions of IF monomer and ULF are modified from Ref. [13]. (For inter-

pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

misfolding or aggregation, and to the impairment of protein interac-
tions and functions, in the cell or in the extracellular medium [45-47].
Importantly, these PTMs can lead to structure-specific outcomes. Thus,
depending on the protein, certain modifications can have virtually no
consequences on protein function, whereas others can lead to activation
or inhibition, or to the modulation of protein-protein interactions or
subcellular localization [45,48,49].

Cysteines are the most nucleophilic residues and readily attack and
form adducts with electrophiles of very diverse structure. Therefore, the
moieties bound to a protein through cysteine residues can be very
varied, and range from the addition of one oxygen atom or one oxygen
plus one nitrogen atom, in the case of sulfenylation (sometimes called
sulfenation) and nitrosation (frequently referred to as nitrosylation)
[50], respectively, to bulky substitutions by endogenous reactive spe-
cies or drugs (Fig. 2). Formation of disulfide bonds can result in cova-
lent binding of the protein to small molecules, like cysteine or glu-
tathione (GSH) (cysteinylation and glutathionylation, respectively), or
to other proteins. Importantly, cysteine modifications can sometimes
interconvert. Disulfide exchanges between proteins and small mole-
cules can occur. Moreover, the nitroso moiety can be transferred be-
tween proteins or lead to NO release. Interestingly, nitrosoglutathione
(GSNO) can induce transnitrosation or glutathionylation of target cy-
steine residues depending on their nucleophilicity. Thus, highly nu-
cleophilic thiols break the S-NO bond leading to glutathionylation,
whereas moderately nucleophilic thiols are more likely to become
transnitrosated [51]. In turn, oxidized and electrophile adducted moi-
eties can suffer further transformations leading to derived species and/

or protein crosslinks [41].
’ C328

3 I C328 nitrosated

An important aspect of cysteine oxidative modifications is stability.
While some modifications are readily reversible (e.g. sulfenylation,
disulfide formation and nitrosation), others are considered irreversible
due to their high stability under biological conditions (e.g. sulfonyla-
tion). Some reversible modifications of cysteine residues, including
glutathionylation or nitrosation have been considered as protective
mechanisms preventing the occurrence of “irreversible” modifications,
thus preserving protein function [52]. Cysteine residues can also un-
dergo a plethora of enzymatic PTMs, including some catalyzed oxida-
tive modifications, acylations, prenylation and methylation (for C-
terminal isoprenylated cysteine residues), etc. [53-55]. Therefore, in
certain cases there can be interplay between these PTMs leading to
structurally and functionally diverse proteoforms [49].

The term lipoxidation refers to the modification of proteins by
reactive products of lipid peroxidation [56]. These electrophilic lipids
are generated under physiological conditions at moderate levels and
they participate in signaling pathways and adaptive and cytoprotective
responses that have been recently reviewed [57]. However, under pa-
thological situations commonly associated with oxidative stress, the
levels of these agents increase, favoring their reaction with other bio-
molecules including other lipids, DNA and proteins. The structures and
concentrations of electrophilic lipids can be very varied (Fig. 3), and
can range from small aldehydes, like acrolein or malondialdehyde
(MDA) (56 and 72 Da, respectively), to cyclopentenone prostaglandins
(cyPG) or isoprostanes (300-400 Da), or even oxidized or nitrated
phospholipids (700-900 Da). Indeed, the number of reactive lipid
species expands to several hundred [56]. Adducts with protein residues
occur mainly through Schiff base formation with amino groups or

Fig. 2. Schematic representation of several mod-
ifications of vimentin C328. The figure shows a
cartoon of a stretch of the alpha helical structure of a
segment of vimentin and the C328 lateral chain
prepared using PyMol and data from the PDB entry
3KLT [202]. Structures of nitrosocysteine, acrolein
and 15d-PGJ, have been obtained from Pubmed
Compound. This schematic representation illustrates
the diverse size of the moieties that can bind to C328,
potentially imposing steric hindrances or altering
interactions required for filament assembly.

C328-acrolein adduct
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Fig. 3. Structures of diverse electrophilic species involved in lipoxidation and examples of cytoskeletal type III IF rearrangements. Upper panel, the
structures of malondialdehyde (MDA), 4-hydroynonenal (HNE), prostaglandin A; (PGA,), and nitrated 1-palmitoyl-2-oleyl-phosphatidyl choline (NO,-POPC), are
shown. Lower panel, confocal fluorescence microscopy images of IF reorganization in response to several strategies aimed at inducing cysteine modification in cells.
A normal vimentin network together with examples of previously reported functional outcomes, observed upon treatment of cells with various electrophilic agents,
are shown. Aggresome formation is illustrated by HNE treatment, as in Ref. [13]; network fragmentation alone or accompanied by solubilization, characterized by
the diffuse background, correspond to treatment with diamide or diamide plus calyculin A, respectively, as in Ref. [91]; filament bundling is exemplified by treatment
with 15d-PGJ, as in Ref. [91], and peripheral condensation, by treatment with NO,-POPC as in Ref. [115]. Scale bar, 20 um. Please note that the effects observed in
cells can be the consequence of direct and/or indirect modifications of IF proteins, as well as of PTM interplay.

through Michael addition with various residues bearing nucleophilic
moieties, like the thiol group of cysteine, imidazole of histidine and
amino of lysine residues [48]. The stability of adducts formed will be
influenced by several factors including the nature of the adducted re-
sidue and the occurrence of additional intramolecular reactions [58].
Moreover, both, non-enzymatic and enzymatic reversal of certain
electrophilic lipid-protein adducts has been reported in vitro as well as
in cellular models [59-61]. Therefore, lipoxidation can constitute a
dynamic modification contributing to signaling mechanisms [60,61].
Given the structural variety of adducts their functional consequences
(structure-activity relationships) can be diverse. There are several

examples of differential effects of lipoxidation of cysteine residues,
depending on the adducted moiety. Adduction of distinct electrophilic
lipids to Ras proteins can differentially influence activation and sub-
cellular localization [49,62]. Similarly, the aldo-keto reductase enzyme
AKRI1B1 is activated by addition of small moieties but inhibited by
larger ones [63].

CyPG are electrophilic eicosanoids derived from prostaglandins by
non-enzymatic dehydration [64]. They are characterized by the pre-
sence of an a,(-unsaturated carbonyl group in the cyclopentane ring
that allows Michael adduct formation, preferentially with cysteine re-
sidues. One example of these eicosanoids is 15-deoxy-A'>%-



A. Viedma-Poyatos, et al.

prostaglandin J, (15d-PGJ5) (Fig. 2), which has been broadly studied
both in cell culture systems and in vivo. The effects of cyPG, as those of
many lipoxidation agents and oxidants, can have a dual or hormetic
nature, depending on time or concentration. Low concentrations can
activate the cellular antioxidant defenses and potentiate the initial in-
flammatory response, whereas high levels can elicit anti-inflammatory
and antiproliferative effects and induce cytotoxicity [65,66]. In-
tracellular GSH is an important determinant of cyPG distribution and
effects through various mechanisms, including the formation of cyPG-
GSH adducts that can be involved in cyPG transport or sequestering,
leading to a differential modification of proteins depending on the
subcellular compartment [49].

Numerous studies on protein oxidative damage use the term car-
bonylation to refer to the formation of carbonyl groups on proteins.
Chemically, carbonylation refers to the addition of carbon monoxide to
a compound leading to the appearance of a carbonyl group. Appearance
of carbonyl groups on proteins can occur by several mechanisms, in-
cluding oxidation of amino acid lateral chains, oxidative deamination
or formation of certain adducts with compounds that retain a free
carbonyl group, as in some types of lipoxidation, like Michael addition
of cyPG or of HNE, or after glycation or glycoxidation. As none of these
processes involves carbon monoxide addition the term “formation of
protein carbonyls”, should be preferred instead of protein carbonyla-
tion, which, as stated above is not selective for a particular type of

Tetramer
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modification, but can arise by multiple mechanisms, as detailed in Ref.
[671.

2. Vimentin

Early functional studies in cells lacking vimentin showed altered
nuclear morphology and impaired distribution of certain organelles
[68]. However, the finding that vimentin knockout mice were fertile
and apparently developed normally [69] dimmed the interest in this
protein. Nevertheless, subsequent works have established the role of
vimentin as a key player in cellular organization and as a modulator
and effector of numerous biological and pathophysiological processes.
Indeed, vimentin knockout animals do not respond normally to many
kinds of stress and show alterations in immune function [70], autop-
hagy, cell migration and division, wound healing, function of the cen-
tral nervous system, and arterial remodeling [71], among others. In
addition, vimentin is an important marker and player of epithelial
mesenchymal transition and its expression in certain types of cancer
can be considered a sign of malignancy and invasiveness [16]. It is also
necessary for cellular entry and/or toxic cellular actions of diverse
bacterial and viral pathogens [72-74]. In contrast to other IF proteins,
only a few mutations in the vimentin sequence have been identified.
The E151K mutation [75], the heterozygous frameshift from V6C [76]
and the missense (Q208R) [77] mutation have been associated with

e —y

Oxidation

Compromise of residues
involved in assembly or
elongation

Polymerization

Polymerization

Oxidation

Compromise of accessible
residues

Disruption

Morphological alterations

Exhaustive modification

Fig. 4. Schematic illustration of the potential effects of oxidative modifications on type III intermediate filament assembly. A hypothetical model to
conciliate the differential effects of certain oxidants on the assembly of soluble IF proteins and preformed filaments is shown. A very simplified representation of IF
dimers (rectangles) and IF tetramers is depicted, showing the approximate positions of the cysteine residues (black dots). On the left, disulfide formation (red ellipses)
or modification of cysteine residues by bulky moieties (yellow shapes) in soluble IF tetramers may interfere with their subsequent assembly in ULFs or with ULF
elongation upon induction of polymerization, or may impede conformational rearrangements needed for proper assembly. Conversely, on the right, preformed
filaments could undergo a certain degree of modification on accessible residues, or of disulfide formation between close cysteine residues, without suffering sub-
stantial disruption of their assembly. Nevertheless, modification above a certain threshold could lead to filament disruption. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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cataract development. Recently, a dominant vimentin variant (L387P)
causing a rare syndrome with premature aging has been reported [78].

Vimentin is the target of numerous enzymatic and non-enzymatic
PTMs, some of which have been outlined above. Accumulating evi-
dence indicates that vimentin behaves as a sensor for several kinds of
stress, including oxidative stress and generation of lipid- or sugar-de-
rived electrophiles that target several residues leading to versatile
network remodeling [56,79] (Fig. 3). The single cysteine residue of
vimentin (C328) appears to be highly susceptible to oxidation or ad-
dition of diverse species, both in vitro and in cells [25,80-84], sug-
gesting that it is a preferred site of modification. Moreover, modifica-
tions of C328 play a key role in redox-related reorganizations of
vimentin filaments, with diverse consequences on cell behavior.

Disulfide formation and other cysteine oxidations. Early studies
using cytoskeleton preparations from several cell types subjected to
oxidative in vitro crosslinking with Cu®*-phenanthroline showed the
formation of homo- and heterodimers of either vimentin and desmin or
vimentin and GFAP, which led to propose that both proteins were
present in hybrid filaments [85,86]. These studies indicated that cy-
steine residues in the “crosslinkable” units were exposed to the protein
surface at a distance sufficiently close to allow interaction. Oxidized
oligomeric species of vimentin were also detected in fibers isolated
from eye lenses of several species, when extracted in the absence of
beta-mercaptoethanol [87]. Later studies putatively identified vimentin
as one of the proteins undergoing disulfide bonding in fibroblast-like
synoviocytes subjected to oxidative stress by treatment with H,O, [88],
and soon after, Traub et al., showed that oxidized vimentin and desmin
species, including homo- and heterooligomers of both proteins, formed
abnormal filaments, which could be restored by reducing agents [89].

The involvement of the cysteine residue in disulfide formation and
its impact on assembly was confirmed by using a C328A vimentin
mutant that showed resistance to crosslinking by oxidation with H,O,
and CuCl, and formed apparently normal filaments in vitro [25]. It was
then postulated that crosslinking of vimentin wild type could occur
between neighboring dimers arranged in the A22 conformation, in
which the cysteine residues fall in a closer position (Fig. 1). However, it
was noted that this arrangement was still not ideal for disulfide bond
formation unless additional flexibility or molecular motion within the
tetramer occurred to allow a closer contact between the cysteine lateral
chains [25].

Dimeric species of vimentin have also been observed in SDS-PAGE
gels upon treatment with bifunctional cysteine crosslinkers, like di-
bromobimane (spacer arm 4.66 ;\), both in vitro and in cells [13], in-
dicating that in intact cells cysteine residues within filaments can also
be present at a close distance. Moreover, the use of this reagent allowed
obtaining vimentin-GFAP heterodimers from intact astrocytoma cells
[90], thus suggesting the presence of both proteins in the same fila-
ments as proposed in earlier in vitro works [85,86].

Recently, the electrophilic reagent diamide has been used to induce
vimentin disulfide bonding [91]. This reagent reacts sequentially with
two thiol groups facilitating disulfide bond formation. Diamide-treated
purified vimentin appears as monomer and dimer species in non-re-
ducing SDS-PAGE gels in approximately a 1:1 proportion. Notably,
disulfide formation profoundly impaired subsequent polymerization
into filaments of vimentin wild type, but not of a cysteine-deficient
mutant. However, preformed filaments underwent disulfide formation
to a similar extent than the soluble protein but were not disrupted by
short diamide treatments. Therefore, these results suggest that pro-
moting disulfide bond formation in soluble tetramers may lead to their
association in conformations that are not productive for subsequent
assembly, whereas once filaments are formed and the subunits are in
place, a certain number of disulfide bonds can form between cysteines
that fall within close distance without disrupting the whole filament
(Fig. 4). Remarkably, although resistant to oxidation by diamide, fila-
ments formed in vitro by a C328S mutant showed subtle, but sig-
nificant, differences with vimentin wild type, calling attention on the
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importance of this residue for filament assembly [91,92]. Interestingly,
diamide induces a major disruption of vimentin filaments in cells in
such a way that filaments rapidly reorganize into discrete dots [13,91].
In cells, both soluble and polymerized vimentin coexist and exchange.
Therefore, oxidation of soluble vimentin could hamper its incorporation
into filaments leading to network disruption. Moreover occurrence of
additional PTMs as a consequence of oxidative stress, could also con-
tribute to diamide-induced filament fragmentation. Nevertheless, the
fact that the C328S vimentin mutant is completely resistant to this ef-
fect, confirms the critical role of the modification of the cysteine residue
in vimentin reorganization [91].

Formation of mixed disulfides can also occur between vimentin and
small thiol-containing molecules, like GSH (glutathionylation) or cy-
steine (cysteinylation). Vimentin glutathionylation has been observed
in several experimental models. Stimulation of isolated aortic rings with
acetylcholine led to vimentin glutathionylation through an eNOS-de-
pendent mechanism [93]. Notably, in this model system, glutathiony-
lation can occur directly or after denitrosation. As eNOS possesses basal
activity in endothelial cells, these observations suggest that glutathio-
nylation could occur under basal conditions and constitute a physio-
logical regulatory mechanism. Indeed, vimentin glutathionylation has
been detected in control mouse embryonic fibroblasts [94]. Never-
theless, this modification increases under conditions of oxidative stress.
In particular, loss of function of the KRIT1 gene, which is associated
with the pathogenesis of cerebral cavernous malformations, induces a
decrease in the GSH/GSSG ratio and increased glutathionylation of
several proteins, including vimentin, in cellular models of the disease
[94]. Glutathionylation of vimentin has also been observed in oxida-
tively stressed T-lymphocytes or COS7 cells exposed to NO donors
[93,95], and in human senescent fibroblasts, where it has been con-
nected with cell growth arrest and cell death [96]. Moreover, data
mining of the oxidized thiol proteome, has found a high proportion of
vimentin C328 involved in disulfide bonding in aging and cataractous
lenses [82]. From the functional perspective, the vimentin cysteine
residue has been compared to cryptic cysteines in other proteins, in
which glutathionylation could contribute to protein elasticity [97]. In
addition, recent studies indicate that quantitative vimentin glutathio-
nylation impairs vimentin elongation and provokes pre-formed filament
severing [98], supporting the view that modification of C328 with
bulky moieties could have important consequences for filament as-
sembly. Nevertheless, the functional implications of vimentin glu-
tathionylation in cells have not been fully elucidated and could depend
on the proportion of the protein modified, and/or represent a protective
mechanism against irreversible modifications.

The oxidation of vimentin in the extracellular space deserves special
attention. Vimentin can be exposed at the cell surface or secreted by
several cell types [99,100]. Cell surface vimentin can be labeled by cell-
impermeable cysteine reagents. The observation that labeling can be
increased by pretreatment with the reducing agent N-acetyl-cysteine
suggests that part of the protein exposed is reversibly oxidized [101].
Interestingly, oxidative stress increases extracellular exposure of vi-
mentin, frequently in an oxidized form [100], and it has been proposed
that this phenomenon could constitute an early response of cells to
oxidants from the extracellular space, and at the same time, generate
oxidized and secreted species of vimentin that could be involved in
pathogenesis of autoimmune diseases or act as a vehicle amplifying
oxidative stress and lipid oxidation [74,102].

Nitrosation. The above observations show that vimentin cysteine
can be modified under (patho)physiological conditions. Shear flow is a
physiological stimulus that activates eNOS in endothelial cells leading
to increased NO levels that can induce protein S-nitrosation. Indeed,
vimentin was identified among the S-nitrosated proteins detected in
endothelial cells after treatment with an exogenous NO donor or upon
stimulation of endogenous NO production [103]. Moreover, C328 has
been identified as the nitrosated residue in endothelial cells after shear
stress, depending on eNOS activity [104], and after NO-donor exposure
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[105]. Vimentin nitrosation can also occur under basal conditions and
increase as a consequence of drug treatment. Statins, drugs widely used
to control cholesterol levels, modulate eNOS expression in endothelial
cells [106], and lead to increased eNOS activity and nitrosation of en-
dothelial proteins, including vimentin [107]. Nitrosation has been
proposed to occur in hydrophobic environments, and indeed, hydro-
phobicity plots predict C328 to be located in a hydrophobic motif,
QSLTCEVDA [104]. Interestingly, the sequence -[I/L]-X-C-X5-[D/E]-,
has been reported to constitute a consensus motif for iNOS-S100 cata-
lyzed transnitrosation [108], that can take place for instance in acti-
vated peripheral blood monocytes. Vimentin C328 is located in one
such motif and has been validated as a target for nitrosation through
this mechanism. The functional significance of vimentin nitrosation is
not fully understood, although in endothelial cells it has been proposed
to contribute to endothelial remodeling under flow. A recent study in-
dicates that S-nitrosation of vimentin at C328 does not hinder, but
slows down, vimentin elongation in vitro. These results shed light on
the different functional outcomes of structurally different C328 mod-
ifications [98]. In addition, being a readily reversible modification, S-
nitrosation could also act as a defense mechanism protecting proteins
from deleterious oxidative modifications.

Lipoxidation. The stability of some adducts formed between vi-
mentin and electrophilic lipids has allowed obtaining structural and
functional information on the role of the lipoxidation of vimentin cy-
steine, both in vitro and in cells. Modification of vimentin by cyPG in
vitro occurs selectively at C328 [80,91], and disrupts subsequent NaCl-
elicited polymerization, inducing filament widening and bundling and
formation of aggregates, in wild type but not C328S vimentin. Notably,
these differential effects occurred in conditions under which the extent
of vimentin lipoxidation was estimated to be approximately 10% [80],
which is in the range of that estimated after treatment of cells with
biotinylated cyPG analogs [109]. Nevertheless, at high 15d-PGJ, con-
centrations this selectivity is lost, since these compounds can form
adducts with other nucleophilic residues, namely, histidine. Interest-
ingly, as observed with oxidants, preformed filaments appear to be
protected from disruption in vitro, even when modified to the same
extent, potentially due to a different topology of the modification
(Fig. 4).

The amenability of cyPG to labeling with biotin or other moieties
has allowed their use as probes for lipoxidation. Using biotinylated 15d-
PGJ, or PGA,, vimentin was first identified as one of the major targets
for these eicosanoids in mesangial cells, in which they induce a marked
cytoskeletal rearrangement leading to perinuclear condensation of vi-
mentin filaments into thick bundles [109]. Besides filament condensa-
tion, cyPG provoke the dislodgement of vimentin from the actin cell
cortex in mitosis, which could have deleterious consequences for cell
division [8]. The use of a vimentin C238S mutant has allowed identi-
fying the cysteine residue as the key site for adduct formation and/or
for the induction of vimentin filament disruption by cyPG in several cell
types [13,80]. As other electrophilic lipids, cyPG covalently bind to
multiple cellular targets and induce oxidative stress on their own, thus
the possibility exists that some of their effects on the vimentin network
may be indirect. Indeed, in addition to lipoxidation, 15d-PGJ, has been
shown to induce reversible cysteine oxidation (cysteinylation) of cer-
tain proteins [110]. Nevertheless, the fact that the effects of cyPG are
attenuated in the C328S mutant, both in vitro and in cells, indicate that
this residue is a critical site for the action of these eicosanoids.

HNE is one of the most studied electrophilic lipids. The levels of
HNE, and of HNE-protein adducts, increase under many pathophysio-
logical conditions, including inflammatory, neurodegenerative diseases
and aging [56,111], in some of which HNE can reach micromolar
concentrations [112]. Lipoxidation of vimentin by HNE has been de-
tected in human monocytic THP1 cells treated with this lipid by means
of immunological and derivatization methods, and C328 was identified
as the modification site using LC-MS/MS [81]. HNE-vimentin adducts
have also been identified in senescent fibroblasts, mainly in soluble
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vimentin and vimentin fragments [113]. Notably, HNE can form several
types of adducts with proteins, both through Michael addition and
Schiff base formation [114]. In addition, HNE adducts can give rise to
protein crosslinks. Consistent with this broad reactivity, HNE can
modify both vimentin wild type and C328S in vitro [91]. However, the
functional consequences of the modification are different; whereas
HNE-pretreated vimentin wild type formed thicker and shorter fila-
ments with a tendency to laterally associate, C328S vimentin was
protected from these effects [91]. These results suggest that even
though HNE can bind to other residues, the modification of C328 is
functionally the most important. This is also supported by observations
in cells showing that HNE treatment induces a juxtanuclear accumu-
lation of vimentin wild type in thick bundles or aggregates, whereas in
cells expressing vimentin C328S, the network is preserved and filament
retraction is attenuated [13,56].

Among other lipoxidation agents, vimentin can be modified by
MDA. Interestingly, immunization of mice with senescent cells led to
the isolation of a polyreactive antibody that recognized vimentin at the
surface of senescent primary human fibroblasts. In addition, an increase
in vimentin modified by MDA at C328 was observed at the cell surface
of senescent cells and in plasma of aged senescence-accelerated mice
[83]. Based on these findings it was proposed that MDA-modified vi-
mentin could serve as a senescence marker and potentially be re-
cognized by the innate immune system to eliminate senescent cells.
Other electrophilic lipids potentially interacting with vimentin include
nitrated phospholipids (Fig. 3), which alter the cellular vimentin net-
work in a manner dependent on the presence of C328, and shield this
residue from alkylation in vitro [115].

Importantly, although the C328S mutant is protected from oxidative
insults in cells, it shows a lower efficiency than the wild type at forming
extended networks, supporting aggresome formation and promoting
organelle position [13]. Therefore, even conservative substitutions of
the cysteine residue have a measurable impact on vimentin function.

In spite of the importance of C328 in vimentin lipoxidation, mod-
ification of K235, but not of C328, by nonealdehyde has been detected
in hepatic tissue from patients with end stage alcoholic liver disease or
non-alcoholic steatohepatitis [116]. This modification eliminates the
positive charge of K235, disrupting its electrostatic interaction with
E230 [117]. This brings about the potential of lipoxidation to alter
protein-protein interactions, with consequences for cell activation and/
or cytotoxicity. Indeed, lipoxidized proteins are ligands for the receptor
for advanced glycated end products (RAGE), which has been involved
in the pathogenic consequences of hyperglycemia or inflammation. By
abolishing the positive charges of lysine residues, lipoxidation disrupts
the ion pairs with negative residues in their vicinity, enabling the latter
to interact with positive residues in RAGE, favoring the activation of
this receptor [118]. Through this mechanism, lipoxidized proteins
could contribute to propagate the damage.

Protein carbonyl formation (PCF). Formation of protein carbonyls
on vimentin has been reported in numerous studies using derivatization
approaches, although, in many instances, the sites of modification have
not been identified. Among evidence from cellular models, PCF on vi-
mentin has been detected in rat aortic smooth muscle cells treated with
homocysteine or bone morphogenic protein-4 (BMP-4) [119,120],
HUVEC treated with sodium arsenite [121], and lung epithelial cancer
cells exposed to acrolein or smoke extracts [122,123], these latter cells
showing also vimentin crosslinked products [122]. Vimentin bearing
protein carbonyls has been identified in non-tumor lung specimens of
patients with lung cancer with or without chronic obstructive pul-
monary disease [124]. Increased vimentin PCF has also been detected
in cultured fibroblasts from AD patients with respect to those of control
subjects, after exposure to APB(25-35). These observations suggest a
dysfunction of antioxidant responses in AD [125], and raise the im-
portance of vimentin as a target for oxidation in CNS diseases [126],
together with GFAP, as it will be detailed below. PCF can occur also as a
consequence of glycation. In primary cultured human dermal
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fibroblasts vimentin was glycated predominantly at lysine residues lo-
cated in linker regions likely exposed to the cytosol. This caused vi-
mentin redistribution into perinuclear aggregates, which was accom-
panied by loss of fibroblast contractile capacity. Glycated aggregated
vimentin was also detected in facial skin biopsies. Therefore, the ac-
cumulation of life-long vimentin glycation was proposed to contribute
to loss of skin contractile properties during aging [79].

Other modifications. Vimentin tyrosine nitration has been de-
tected by immunoprecipitation with an anti-3-nitrotyrosine antibody in
mitochondrial diseases [127]. A similar approach was used to identify
tyrosine nitrated vimentin in lung cancer [128]. However, in these
studies, identification of the nitration sites was not achieved.

Tryptamine-4,5-dione is a product of the oxidation of serotonin that
is highly reactive with thiols. Vimentin has been identified as a target
for this putative neurotoxin in SH-SY5Y neuroblastoma cells, suggesting
the modification of the thiol group, although this was not confirmed
[129].

In summary, a plethora of vimentin modifications has been identi-
fied to date in many pathophysiological situations. Oxidative and non-
oxidative modifications can coexist in many instances allowing their
interplay, but an understanding of their structural and functional con-
sequences requires further investigation.

3. GFAP

GFAP is the main IF expressed in mature astrocytes, which also
express vimentin [130,131]. GFAP can be expressed in other cell types
outside the nervous system, including fibroblasts and hepatic stellate
cells [80,132]. A particular feature of GFAP among type III IF proteins
is the existence of multiple isoforms that arise by alternative splicing
and differ mainly in the tail domain, some of which are not able to form
filaments on their own [14]. Here, we will focus on the most abundant
isoform that is GFAPa (Fig. 1). This protein plays complex functions in
astrocyte homeostasis which, to date, have not been totally unraveled.
Studies in knockout animals have yielded diverse results pointing to the
complexity of GFAP functions and their dependence on the experi-
mental system. Roles in astrocyte migration, organelle distribution and
mitosis have been defined. The presence of GFAP also influences neu-
ronal functions, axonal and neuronal regeneration and several aspects
of neurotransmission [14]. GFAP plays an important role in the re-
sponse to damage, including inflammation, physical or ischemic
trauma. In these processes, astrocytes become activated, overexpress
GFAP and resume the expression of other IFs, like nestin and synemin
[130]. GFAP appears to play a dual role in trauma, favoring the for-
mation of a glial scar that limits the damage at the early stages, but
slowing down regeneration at later stages [133]. The importance of
GFAP in brain homeostasis is highlighted by the devastating con-
sequences of its mutations, which lead to Alexander disease (AxD), a
rare neurodegenerative disease that causes leukodystrophy, epilepsy,
loss of brain white matter and ultimately death [17]. In AxD, GFAP
forms aggregates known as Rosenthal fibers that accumulate other
proteins as well, and show oxidative damage [134]. Interestingly, AxD
associated mutations often involve substitutions of the wild type re-
sidues by cysteines [135], which raises the possibility that they undergo
additional oxidative modifications.

GFAP is also a hub for PTMs and it has been reported to undergo
phosphorylation at multiple residues. Phosphorylation plays an im-
portant role in the regulation of filament assembly and in the pro-
gression of mitosis and cytokinesis [136,137]. Moreover, increased
phosphorylation of certain residues, in particular S13, has been asso-
ciated with pathological conditions including frontotemporal lobar
degeneration, AxD and hypoxia [138-140]. Other PTMs have also been
associated with disease, including glycosylation and citrullination, the
latter, rendering GFAP an autoantigen for autoimmune disease or ap-
pearing in conditions such as AD or ischemia reperfusion injury
[38,39]. Moreover, GFAP degradation products have been observed in
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neurodegenerative diseases [141] as well as in models of viral infection
[33].

GFAP can be targeted by numerous oxidative modifications and
appears frequently in proteomic studies of pathophysiological condi-
tions. Nevertheless, most studies focus on the variations of its levels as a
marker of nervous system injury and less attention has been paid to its
role as a target of damage. As specified above, disulfide formation
between GFAP monomers, likely belonging to different tetramers, has
been observed in vitro upon oxidative crosslinking [86]. Moreover,
bifunctional cysteine reagents also lead to homo- and heterodimers of
GFAP and vimentin in vitro and in cells [90]. These studies have sub-
stantiated the complex nature of these filaments in astrocytes and in
astrocyte models. Moreover, results from cellular models have shown
the requirement for the presence of the cysteine residue in GFAP for
proper filament assembly, which highlights the functional importance
of this residue. Interestingly, in primary astrocytes from mice deficient
in both GFAP and vimentin, the requirement for the cysteine residue
was more marked for GFAP than for vimentin, and this latter protein
seemed to rescue the defect in C294S GFAP assembly to some extent
[90]. GFAP has been found both in reduced and in reversibly oxidized
forms in brain tissue from a subject with mild AD, by employing a
differential thiol labeling protocol followed by 2D electrophoresis and
MS identification [142]. Finally, the appearance of high molecular
weight oligomers containing GFAP has been noted in several models of
disease, including AxD [143], although the nature of these oligomers
has not been characterized.

GFAP appears S-nitrosated in several conditions. A marked in-
crease in GFAP nitrosation has been observed in synaptosomes of
transgenic mice overexpressing mutated human amyloid precursor
protein compared to wild type, suggesting its involvement in pathology
[144]. However, S-nitrosation of GFAP has also been detected under
control conditions and found not to increase in experimental models of
murine autoimmune encephalomyelitis [145]. Therefore, the role of
this modification in pathogenesis or as a defense mechanism requires
further investigation.

Lipoxidation. Evidence on GFAP lipoxidation is gathering in recent
years. Pick's disease is a type of fronto-temporal dementia characterized
by severe atrophy of frontal and temporal lobes, neuronal loss and as-
trogliosis [146]. GFAP has been shown to be a major target of lipox-
idation by HNE and glycoxidative damage in brain samples from Pick's
disease patients compared to control subjects [146]. Down's syndrome
patients develop symptoms of premature aging, including neuro-
pathological features of AD. Therefore, observations in this syndrome
have been considered clues for the understanding of AD. A 3.3-fold
increase in HNE-modified GFAP has been observed in brain tissue from
Down's syndrome patients compared to controls by means of im-
munological detection with an anti-HNE antibody [147]. HNE also
targets elements of the protein degradation machinery and quality
control, the impairment of which could contribute to accumulation of
damaged or misfolded proteins. GFAP has also been recognized as a
major target for HNE-protein adduct formation in frontotemporal lobar
degeneration [148], although the site(s) of modification have not been
identified. Notably, an 8-fold increase in MDA-modified GFAP has also
been reported in brain samples from AD patients compared to aged-
matched controls [149], whereas non-significant differences were
found for vimentin modification in this study. Nevertheless, it should be
taken into account that many of these reports use whole tissue samples
for the proteomic studies. Although the evidence for lipoxidation is
solid, novel approaches able to assess oxidative damage in specific re-
gions and/or cell types or subpopulations in the brain may shed valu-
able information on pathogenic mechanisms [150]. Using cellular
models such as fibroblasts and astrocytes, we have recently identified
GFAP as a target for modification by cyPG [80,90]. In astrocytoma
cells, cyPG produced an intense disruption of the GFAP network with
retraction of filaments from the cell periphery and formation of curly
bundles or aggregates in the proximity of the nucleus, whereas in
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mouse primary astrocytes the most obvious effect was filament retrac-
tion and perinuclear condensation [90]. Biotinylated analogs of cyPG
bind to GFAP in a manner dependent on the presence of its single cy-
steine, C294. Moreover, a cysteine deficient GFAP mutant, although
showing altered filament assembly per se, is protected against network
disruption induced by these electrophilic lipids. Similarly, treatment of
cells in the presence of DTT attenuated network disruption, pointing to
the importance of thiol modification in cyPG effect [90].

Protein carbonyl formation. Most of the evidence on protein
carbonyl formation on GFAP has been obtained through the use of
derivatization techniques combined with immunological detection after
immunoprecipitation or 2D analysis, or by using adduct-specific anti-
bodies (reviewed in Ref. [151]). These approaches have demonstrated
PCF in AD, tautopathies including progressive supranuclear palsy and
Pick's disease, and in Huntington disease [146,151-153]. An 8-fold
increase in GFAP protein carbonyl levels has been found in samples
from the frontal cortex of Down's syndrome patients compared to
controls [154]. Moreover GFAP has been identified as the major car-
bonyl containing protein in the cerebral cortex of a patient with acer-
uloplasminemia, the hallmark of which is intracellular iron overload
[155]. From all this evidence, it seems clear that GFAP constitutes a
highly susceptible target for oxidative modifications in various neuro-
degenerative diseases. Nevertheless, whether the modifications lead to
significant network rearrangements and whether they represent a toxic
or a defense mechanism requires further study.

Nitration. Nitrated GFAP has been identified in normal rat cortex
[156,157], and marked increases in nitration have been observed in a
model of hypobaric hypoxia and reoxygenation [157]. In this model,
intense nitration of other cytoskeletal components, including tubulin
and y-actin has been observed, for which a cooperation of these pro-
teins in cytoskeletal disruption has been proposed.

Although in this review we have not considered the modifications of
GFAP isoforms, the study of their specific modifications could yield
valuable pathogenic information. Indeed, in proteomic studies, up to 46
forms of soluble GFAP could be separated by 2D immunoblotting from
control and AD brain samples, which differed in size, phosphorylation,
glycosylation and oxidation state [158].

4. Desmin and peripherin

Desmin is the main IF protein of mature striated muscle, where it is
located in the sarcolemma, Z-lines, neuromuscular and myotendinous
junctions. This protein provides strength to the muscle fiber during
contraction and facilitates mechanochemical signaling [15,159].
Desmin and its protein binding targets form a scaffold that links the
contractile system to the nucleus, mitochondria and other organelles
through the Z-discs, allowing their crosstalk. This interconnecting role
also enables transport between the extracellular and nuclear matrix
[15,159]. More than 70 mutations in the desmin gene (DES) have been
identified, which lead to different types of myopathy (e.g. myotilino-
pathies and desminopathies), including cardiomyopathy or isolated
myopathies. Mutations have been identified in all the protein domains.
Skeletal and cardiac muscle phenotypes involve mainly mutations af-
fecting rod 2B, abnormal phosphorylation levels, and some oxidative
modifications that correlate with desmin related myopathies (DRMs)
and cardiac disease [15,159].

Desmin is a target for a variety of PTMs including phosphorylation,
ADP-ribosylation, ubiquitination, glycation, oxidation and nitration.
Most of them cause disassembly of the desmin network [160]. Also in
this case, phosphorylation is by far the most studied PTM. Although
alterations in desmin levels or distribution have been frequently en-
countered in pathophysiological situations associated with oxidative
stress or in cellular models of electrophilic stress [161], the precise
characterization of oxidative modifications and their impact on the
function of the protein is not always available. Indeed, muscle activity
induces thermal, mechanical and redox stress, which in cellular models
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of desminopathies elicit aggregation of desmin mutants [162] that can
be attenuated by treatment with antioxidants, like, N-acetyl-cysteine or
tocopherol [163].

As described above, oxidative crosslinking-induced dimers of
desmin or of desmin and vimentin have been generated in vitro and
showed impaired assembly [85]. Moreover, purified desmin subjected
to in vitro oxidation with H,O, and Fe?* increases its content of
random coil and P-sheet, in turn, decreasing its a-helix content ac-
cording to far-UV CD spectra [164]. Also, oxidation can alter its sus-
ceptibility to proteolytic cleavage [164]. In myocytes, several redox
modifications of desmin have been reported including disulfide linked
and sulfenylated forms of the protein, as has been identified in studies
using diamide, dimedone analogs or peroxide [165,166]. Desmin oxi-
dation has also been confirmed in muscle biopsies from patients with
desminopathies or myotilinopathies [159].

Desmin is also a target for lipoxidation. Functional derangement by
HNE treatment has been reported [161], and acrolein-modified desmin
has been identified in myocytes exposed to this toxic agent [167].

Among other modifications, desmin has also been identified as a
target for nitration [127,159], and increased formation of protein car-
bonyls in skeletal muscle has been detected in sepsis, ischemia-re-
perfusion, diabetes and chronic obstructive pulmonary disease (re-
viewed in Ref. [168]). However, the functional consequences of these
modifications are not yet clear.

Peripherin expression is mainly restricted to the peripheral nervous
system, but also occurs in neurons of the CNS. There are several forms
of peripherin generated by alternative splicing, some of which increase
in response to traumatic neuronal injury [169]. The role of this protein
is unclear, but it seems to contribute to IF cytoskeleton organization
and axonal elongation. The protein is a major autoantigen in type 1
diabetes [170] and appears in compact inclusions in several diseases,
including amyotrophic lateral sclerosis (ALS). Screening for sequence
variants in the peripherin gene (PRPH) has been performed in patients
with ALS and several SNPs have been identified [171]. These include an
insertion in intron 8 (IVS8-36insA), a 1 bp deletion in exon 1 (228delC)
leading to a truncated form of the protein, and a homozygous mutation
in the first linker generating the D141Y mutation. Peripherin over-
expression induces motor neuron degeneration in transgenic mice,
whereas the knockout mice seem to compensate lack of PRPH expres-
sion by inducing that of vimentin and a-internexin, apparently leading
to decreased myelination of only a subset of sensory fibers [172].

Peripherin is by far the less studied of the type III IF class, and is the
only one that possesses two cysteine residues. Nevertheless, several
oxidative modifications have been reported. A disulfide-linked periph-
erin dimer of 130 kDa has been detected in rat sciatic nerve and dorsal
root ganglia [173]. Non-differentiated N2a neuroblastoma cells treated
with hydrogen peroxide showed concentration-dependent changes in
the levels of peripherin, together with alterations in the proportion of
the peripherin forms, Per-58 and Per-45. Moreover, peroxide
(100-500 pM) induced loss of filament structure and inclusions in non-
differentiated cells, whereas retraction of neurites was detected at
10 pM. However, peripherin filaments and aggregates did not colocalize
with carbonyl markers, despite increased total protein carbonyl for-
mation [174].

The best characterized oxidative modification of peripherin is ni-
tration, which has been described upon NGF-induced differentiation in
PC12 cells, and occurs at the head (Y17) and tail (Y376) domains [175].
Apparently, the ratio between nitration levels and peripherin expres-
sion before and after NGF addition increases during differentiation.
Remarkably, nitrated peripherin is only present in the insoluble cytos-
keletal fraction. Heavy tyrosine nitration and phosphorylation of per-
ipherin have been observed in ALS, in association with disruption of
filament association and appearance of inclusions or aggregates [169].
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5. Interplay between PTMs in type III IFs

In any given situation, proteins are subjected to multiple PTMs that
can occur on the same or on different protein molecules in different
combinations, giving rise to structurally and functionally different
proteoforms. Type III IFs and, in particular, their conserved cysteine
residues, are emerging as hot spots for modification by oxidants and
electrophiles. Indeed, the studies summarized above highlight the sus-
ceptibility of these cysteine residues to a plethora of modifications in-
cluding nitrosation, disulfide formation, sulfenylation and addition of
various electrophilic lipids including HNE, MDA and cyPG.
Interestingly, a complex interplay between modifications can take place
both by direct and indirect mechanisms (Fig. 5). Reversible cysteine
modifications, for instance, glutathionylation, could prevent irrever-
sible oxidations or adduct formation; however, some oxidative mod-
ifications can increase or decrease the reactivity of the affected residues
[176].

Phosphorylation is probably the most studied modification reg-
ulating protein function. Many oxidant species act on signaling pro-
teins, for instance, kinases and phosphatases, triggering additional
modifications of IFs. Vimentin is a target for phosphorylation by
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numerous kinases, including PKA and AKT, which are directly and/or
indirectly regulated by redox mechanisms [177]. The impact of oxi-
dative modifications on kinase activity can lead to activation or in-
hibition. In turn, tyrosine phosphatases are generally inhibited by oxi-
dative stress, whereas oxidation of serine/threonine protein
phosphatases can result in activation or inhibition. Interplay of nitric
oxide with vimentin phosphorylation has been reported through mod-
ulation of PP2A activity [178]. Phosphatase inhibition would result in
vimentin hyperphosphorylation, which could contribute to network
disruption by oxidative modifications. In this context, we have recently
observed that the phosphatase inhibitor calyculin A, an inhibitor of
PP2A and PP1 phosphatases, potentiated the fragmentation of vimentin
network induced by diamide, whereas a phosphorylation-deficient vi-
mentin mutant “SA mutant”, in which 11 phoshorylatable residues of
the N-terminal domain had been substituted by alanines, was partially
protected from the diamide-disruptive effect [91].

A complex interplay can also occur with the protein degradation
machinery. Certain oxidative insults or other types of stress can lead to
the degradation of vimentin and GFAP by activating proteases [179],
although some ubiquitin ligases and subunits of the proteasome can be
inhibited by lipoxidation [180], which, as stated above, would result in
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Fig. 5. Interplay between posttranslational modifications in type III intermediate filaments. Under oxidative stress, several oxidants are generated that can
react with unsaturated lipids in membranes giving rise to the formation of electrophilic lipid species. These can directly form adducts with proteins in a process called
lipoxidation. Oxidative stress also diminishes the ratio GSH/GSSG and favors the formation of disulfide bonds between glutathione and thiol groups in proteins
(glutathionylation). This modification can also be mediated by nitrosoglutathione, which can also induce S-nitrosation. Oxidative modifications of cysteine residues
can also lead to the formation of sulfenic, sulfinic and sulfonic acids. Other oxidative modifications include protein carbonyl formation, nitration or formation of
protein crosslinks (see Ref. [41] for review). Other PTMs that are under redox control, such as phosphorylation and protein degradation will be modulated in
situations of oxidative stress, thus contributing to the diversity and complexity of proteoforms arising under these conditions. The function of type III IFs will be also

affected by oxidative modifications of interacting proteins, such as those described

for plectin, actin, and several chaperones. Importantly, interplay can also take

place with other PTMs, including those listed in the lower panel, which can occur on the same or nearby residues, affecting their availability or accessibility to

modification.
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accumulation of damaged proteins.

Interestingly, due to their polyelectrolyte properties, IFs interact
with cations such as Ca®*, Mg®* or Zn?" which, depending on their
size and concentration, influence IF assembly [13,92,181]. Importantly,
Zn?* availability can influence the occurrence of certain PTMs on vi-
mentin [13], which could occur through direct interaction or through
its capacity to elicit antioxidant or pro-oxidant effects [182,183]. Al-
though Zn* is a redox-inert ion, it can influence cellular redox status
because it is necessary for the activity of enzymes involved in the an-
tioxidant defense, whereas its deficiency or excess cause oxidative stress
[183].

In addition, modification of interacting proteins can have an im-
portant impact on the regulation of IFs localization and function. The
linker protein plectin has been reported to be nitrosated, affecting vi-
mentin distribution [184], whereas actin and tubulin are targets for
various oxidative and lipoxidative modifications [56]. Moreover, cer-
tain modifications can compete for the same site, for instance, carba-
moylation, resulting from modification by isocyanic acid [185], can
occur at citrullination sites, and tyrosine nitration could preclude
phosphorylation. Modification of a given residue can also affect that of
nearby amino acids, either by altering their reactivity or their accessi-
bility. Therefore, bulky moieties can shield nearby residues, but certain
modifications can cause unfolding and exposure of additional amino
acids for modification. Additionally, many conditions associated with
oxidative stress and oxidative modifications trigger important changes
in gene expression, including the antioxidant stress response [57],
contributing to the complexity of the effects.

6. Vimentin and other IFs as drug targets

Given their implication in pathological processes, IFs in general, and
those belonging to the type III family in particular, are becoming im-
portant drug targets. Indeed, hypothesis-driven, as well as virtual and
pharmacological screening approaches are being used to find small
molecule modulators of these proteins. High expression levels of type III
IF proteins have been considered as pathogenic factors in several dis-
eases. Therefore, efforts have been devoted to find strategies to mod-
ulate their levels or organization in cells [186,187]. Nevertheless, this
section will focus on approaches related to PTMs and more precisely on
drugs that directly bind to these proteins and preferentially interact
with their conserved cysteine residue.

As vimentin C328 and the equivalent cysteine residues in the other
members of the family seem to be highly susceptible to modification by
oxidant and electrophilic species, their modification by cysteine-re-
active drugs is worth exploring. Among the first compounds reported to
target vimentin C328 is the withanolide natural product withaferin A
(WFA). This molecule was studied based on its antitumor and anti-
angiogenic properties and was reported to covalently bind to C328 and
induce vimentin aggregation in vitro and filament disruption in cells
[188]. In addition, WFA caused vimentin downregulation in cells and
showed in vivo antiangiogenic effects, reportedly mediated by vimentin
[188]. It was later described that this molecule could bind to the single
GFAP cysteine residue, C294 [189]. Moreover, it was shown that WFA
reduced the levels of both vimentin and GFAP in primary astrocytes as
well as in mouse retina in vivo [189]. Therefore, these WFA actions
could be beneficial in situations associated with increased expression of
these proteins, such as reactive gliosis. Thus, WFA has become a pop-
ular tool employed to target and disrupt the vimentin network in sev-
eral experimental models [190]. However, being a cysteine reactive
molecule, WFA could interact with other cellular targets. In fact, several
works have called attention to its lack of specificity [191]. Indeed, WFA
has recently been reported to covalently bind the heterogeneous nu-
clear ribonucleoprotein K (hnRNP-K) [192], and tubulin, and induce
the degradation of the latter [193]. Moreover a vimentin mutant
lacking C328 appears to respond to WFA as well [191]. Recent mole-
cular dynamics simulations indicate that WFA binds in the vicinity of
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C328, but not directly to this residue [192]. Therefore, although WFA
may be useful to disrupt vimentin and other type III IF proteins, its use
as a selective target should be performed cautiously. Interestingly, the
compound arylquin 1 also binds to vimentin at a region close to the
cysteine residue. In this case, interaction of arylquins with vimentin
displaced the binding of Par4, an apoptosis-inducing protein, with
consequences for cell viability [194].

Additional evidence of the importance of C328 as a drug target has
risen from the garlic compound ajoene [195], which has been shown to
form a disulfide bond with this residue. This modification is associated
with condensation of vimentin filaments and with an impairment of
several vimentin-related processes, including cell migration and inva-
sion of cancer cells. These effects were attenuated in cells in which
vimentin expression had been transiently knocked down, thus pointing
to vimentin importance as mediator of ajoene actions. Notably, another
garlic defense substance, allicin, has been shown to induce S-thioally-
lation of several cytoskeletal proteins, including vimentin, in Jurkat
cells [196]. In addition, phenyl vinyl sulfones, mechanism-based in-
hibitors of protein tyrosine phosphatase, covalently bind vimentin C328
in cells, although the significance of this finding is still not known
[197,198].

A number of proteomic studies searching for protein targets of drugs
or natural products have found vimentin [199], although the precise
site of interaction or the functional consequences have not always been
elucidated. Additional compounds found to bind vimentin include two
quinone methide metabolites of the phenolic antioxidant butylated
hydroxytoluene. These metabolites are believed to be responsible for
promoting lung tumor formation in mice [200]. In contrast, the green
tea polyphenol epigallocatechin gallate binds to vimentin and inhibits
its phosphorylation in cells, which is associated with an anti-
proliferative effect [201].

7. Concluding remarks

Type III IF proteins are arising as integrators of basic cellular pro-
cesses and as sensors of stress. These proteins, and in particular their
conserved cysteine residue, have been proposed as hot spots for PTMs.
Modification of this cysteine residue leads to marked reorganization of
type III IFs in cells, which is supported by the lack of response of cy-
steine-deficient mutants. Remarkably, the nature of the reorganization
appears to depend on the extent and the structure of the modification,
illustrating an exceptional versatility of type III IFs remodeling.
Moreover, this suggests that the conserved cysteine residue of type III
IFs functions as a hub that can accept different types of modifying
moieties and transduces them into distinct cytoskeletal responses, ei-
ther per se or in cooperation with other PTMs, thus acting as a sensor
for various signals. The position of the conserved cysteine residue in the
structure of the protein could be critical for the functional outcome of
the modifications, affecting its organization in filaments. Nevertheless,
many aspects of structure and function of type III IFs still need in-
vestigation. Elucidation of the structure of filaments and of their var-
ious arrangements in cells will be key to understand the basis of their
response to stress. Moreover, the downstream consequences of the di-
verse reorganizations are still poorly understood. The modification of
type III IFs by oxidant and electrophilic species could impact on many
cellular processes, but it also could represent a defensive mechanism by
which these proteins would act as decoys or scavengers of reactive
species. Therefore, further identification and characterization of the
PTMs occurring in vivo, both structurally and quantitatively, will be
necessary to elucidate their role in physiological IF regulation and their
potentially protective or pathogenic effects under pathophysiological
conditions. Finally, certain oxidative PTMs of type III IFs can be con-
sidered as disease biomarkers, whereas their modulation could become
a therapeutic strategy in a variety of illnesses.



A. Viedma-Poyatos, et al.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This work was supported by Grants from Agencia Estatal de
Investigacién, Ministerio de Ciencia e Innovacién (MCI, Spain) and
European Regional Development Fund, RTI2018-097624-B-100,
Instituto de Salud Carlos III (Spain) RETIC AraDyal RD16/0006,/0021,
and CSIC PTI Global Health (PIE202020E223/CSIC-COV19-100). AV-P
is supported by the FPI program from MCI, reference BES-2016-
076965. Feedback from COST Action EuroCellNet CA15214 is grate-
fully acknowledged.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.redox.2020.101582.

References

[1] L. Chang, R.D. Goldman, Intermediate filaments mediate cytoskeletal crosstalk,
Nat. Rev. Mol. Cell Biol. 5 (8) (2004) 601-613.

[2] F. Huber, A. Boire, M.P. Lopez, G.H. Koenderink, Cytoskeletal crosstalk: when
three different personalities team up, Curr. Opin. Cell Biol. 32 (2015) 39-47.

[3] H. Herrmann, U. Aebi, Intermediate filaments: structure and assembly, Cold
Spring Harbor persp. Biol. 8 (11) (2016) a018242.

[4] E. Fuchs, JSID Tanioku Memorial Lecture 1996. Genetic disorders of keratins and
their associated proteins, J. Dermatol. Sci. 13 (3) (1996) 181-192.

[5] J.M. Gonzalez, D. Pla, D. Pérez-Sala, V. Andrés, A-type lamins and Hutchinson-
Gilford progeria syndrome: pathogenesis and therapy, Front. Biosci. 3 (2011)
1133-1146.

[6] E.M. Hol, Y. Capetanaki, Type III intermediate filaments desmin, glial fibrillary
acidic protein (GFAP), vimentin, and peripherin, Cold Spring Harbor persp. Biol. 9
(12) (2017) a021642.

[7] J. Lowery, E.R. Kuczmarski, H. Herrmann, R.D. Goldman, Intermediate filaments
play a pivotal role in regulating cell architecture and function, J. Biol. Chem. 290
(2015) 17145-17153.

[8] S. Duarte, A. Viedma-Poyatos, E. Navarro-Carrasco, A.E. Martinez, M.A. Pajares,
D. Pérez-Sala, Vimentin filaments interact with the actin cortex in mitosis allowing
normal cell division, Nat. Commun. 10 (2019) 4200.

[9] M.P. Serres, M. Samwer, B.A. Truong Quang, G. Lavoie, U. Perera, D. Gorlich,
G. Charras, M. Petronczki, P.P. Roux, E.K. Paluch, F-actin interactome reveals
vimentin as a key regulator of actin organization and cell mechanics in mitosis,
Dev. Cell 52 (2) (2020) 210-222 e7.

[10] Z. Gan, L. Ding, C.J. Burckhardt, J. Lowery, A. Zaritsky, K. Sitterley, A. Mota,

N. Costigliola, C.G. Starker, D.F. Voytas, J. Tytell, R.D. Goldman, G. Danuser,
Vimentin intermediate filaments template microtubule networks to enhance per-
sistence in cell polarity and directed migration, Cell Syst. 3 (3) (2016) 252-263 e8.

[11] H.L. Tang, H.L. Lung, K.C. Wu, A.H. Le, H.M. Tang, M.C. Fung, Vimentin supports
mitochondrial morphology and organization, Biochem. J. 410 (1) (2008)
141-146.

[12] A.E. Patteson, A. Vahabikashi, K. Pogoda, S.A. Adam, K. Mandal, M. Kittisopikul,
S. Sivagurunathan, A. Goldman, R.D. Goldman, P.A. Janmey, Vimentin protects
cells against nuclear rupture and DNA damage during migration, J. Cell Biol. 218
(12) (2019) 4079-4092.

[13] D. Pérez-Sala, C.L. Oeste, A.E. Martinez, B. Garzon, M.J. Carrasco, F.J. Canada,
Vimentin filament organization and stress sensing depend on its single cysteine
residue and zinc binding, Nat. Commun. 6 (2015) 7287.

[14] E.M. Hol, M. Pekny, Glial fibrillary acidic protein (GFAP) and the astrocyte in-
termediate filament system in diseases of the central nervous system, Curr. Opin.
Cell Biol. 32 (2015) 121-130.

[15] Y. Capetanaki, S. Papathanasiou, A. Diokmetzidou, G. Vatsellas, M. Tsikitis,
Desmin related disease: a matter of cell survival failure, Curr. Opin. Cell Biol. 32
(2015) 113-120.

[16] M.E. Kidd, D.K. Shumaker, K.M. Ridge, The role of vimentin intermediate fila-
ments in the progression of lung cancer, Am. J. Respir. Cell Mol. Biol. 50 (1)
(2014) 1-6.

[17] M. Brenner, A.B. Johnson, O. Boespflug-Tanguy, D. Rodriguez, J.E. Goldman,

A. Messing, Mutations in GFAP, encoding glial fibrillary acidic protein, are asso-
ciated with Alexander disease, Nat. Genet. 27 (1) (2001) 117-120.

[18] A.A. Chernyatina, D. Guzenko, S.V. Strelkov, Intermediate filament structure: the
bottom-up approach, Curr. Opin. Cell Biol. 32 (2015) 65-72.

[19] R. Dey, P. Burkhard, A proposed atomic model of the head-to-tail interaction in the
filament structure of vimentin, J. Biomol. Struct. Dynam. (2019) 1-7.

13

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

Redox Biology 36 (2020) 101582

D.D. Gae, M.S. Budamagunta, J.F. Hess, R.M. McCarrick, G.A. Lorigan,

P.G. FitzGerald, J.C. Voss, Completion of the vimentin rod domain structure using
experimental restraints: a new tool for exploring intermediate filament assembly
and mutations, Structure 27 (2019) 1547-1560.

P.M. Steinert, L.N. Marekov, D.A. Parry, Diversity of intermediate filament
structure. Evidence that the alignment of coiled-coil molecules in vimentin is
different from that in keratin intermediate filaments, J. Biol. Chem. 268 (33)
(1993) 24916-24925.

D.T. Downing, Chemical cross-linking between lysine groups in vimentin oligo-
mers is dependent on local peptide conformations, Proteins 25 (2) (1996)
215-224.

A. Aziz, J.F. Hess, M.S. Budamagunta, J.C. Voss, P.G. Fitzgerald, Site-directed spin
labeling and electron paramagnetic resonance determination of vimentin head
domain structure, J. Biol. Chem. 285 (20) (2010) 15278-15285.

A. Premchandar, N. Mucke, J. Poznanski, T. Wedig, M. Kaus-Drobek,

H. Herrmann, M. Dadlez, Structural dynamics of the vimentin coiled-coil contact
regions involved in filament assembly as revealed by hydrogen-deuterium ex-
change, J. Biol. Chem. 291 (48) (2016) 24931-24950.

K.R. Rogers, H. Herrmann, W.W. Franke, Characterization of disulfide crosslink
formation of human vimentin at the dimer, tetramer, and intermediate filament
levels, J. Struct. Biol. 117 (1) (1996) 55-69.

A.A. Chernyatina, S. Nicolet, U. Aebi, H. Herrmann, S.V. Strelkov, Atomic struc-
ture of the vimentin central alpha-helical domain and its implications for inter-
mediate filament assembly, Proc. Natl. Acad. Sci. U. S. A. 109 (34) (2012)
13620-13625.

N. Rile, Z. Liu, L. Gao, J. Qi, M. Zhao, Y. Xie, R. Su, Y. Zhang, R. Wang, J. Li,
H. Xiao, Expression of Vimentin in hair follicle growth cycle of inner Mongolian
Cashmere goats, BMC Genom. 19 (1) (2018) 38.

J.E. Eriksson, T. He, A.V. Trejo-Skalli, A.-S. Hiarmila-Braskén, J. Hellman, Y.-

H. Chou, R.D. Goldman, Specific in vivo phosphorylation sites determine the as-
sembly dynamics of vimentin intermediate filaments, J. Cell Sci. 117 (2004)
919-932.

M. Matsuyama, H. Tanaka, A. Inoko, H. Goto, S. Yonemura, K. Kobori, Y. Hayashi,
E. Kondo, S. Itohara, I. Izawa, M. Inagaki, Defect of mitotic vimentin phosphor-
ylation causes microophthalmia and cataract via aneuploidy and senescence in
lens epithelial cells, J. Biol. Chem. 288 (50) (2013) 35626-35635.

Y.H. Chou, S. Khuon, H. Herrmann, R.D. Goldman, Nestin promotes the phos-
phorylation-dependent disassembly of vimentin intermediate filaments during
mitosis, Mol. Biol. Cell 14 (4) (2003) 1468-1478.

N.T. Snider, M.B. Omary, Post-translational modifications of intermediate filament
proteins: mechanisms and functions, Nat. Rev. Mol. Cell Biol. 15 (3) (2014)
163-177.

H.J. Tarbet, L. Dolat, T.J. Smith, B.M. Condon, E.T. O'Brien 3rd, R.H. Valdivia,
M. Boyce, Site-specific glycosylation regulates the form and function of the in-
termediate filament cytoskeleton, eLife 7 (2018) e31807.

R.L. Shoeman, B. Honer, T.J. Stoller, C. Kesselmeier, M.C. Miedel, P. Traub,
M.C. Graves, Human immunodeficiency virus type 1 protease cleaves the inter-
mediate filament proteins vimentin, desmin, and glial fibrillary acidic protein,
Proc. Natl. Acad. Sci. U. S. A. 87 (16) (1990) 6336-6340.

D. Guo, X. Song, T. Guo, S. Gu, X. Chang, T. Su, X. Yang, B. Liang, D. Huang,
Vimentin acetylation is involved in SIRT5-mediated hepatocellular carcinoma
migration, Am. J. Canc. Res. 8 (12) (2018) 2453-2466.

S. Muller, M. Radic, Citrullinated Autoantigens, From diagnostic markers to pa-
thogenetic mechanisms, Clin. Rev. Allergy Immunol. 49 (2) (2015) 232-239.

H. Bang, K. Egerer, A. Gauliard, K. Luthke, P.E. Rudolph, G. Fredenhagen, W. Berg,
E. Feist, G.R. Burmester, Mutation and citrullination modifies vimentin to a novel
autoantigen for rheumatoid arthritis, Arthritis Rheum. 56 (8) (2007) 2503-2511.
V.A. Brentville, R.L. Metheringham, B. Gunn, P. Symonds, I. Daniels, M. Gijon,
K. Cook, W. Xue, L.G. Durrant, Citrullinated vimentin presented on MHC-II in
tumor cells is a target for CD4+ T cell-mediated antitumor immunity, Canc. Res.
76 (2016) 548-570.

A. Ishigami, T. Ohsawa, M. Hiratsuka, H. Taguchi, S. Kobayashi, Y. Saito,

S. Murayama, H. Asaga, T. Toda, N. Kimura, N. Maruyama, Abnormal accumu-
lation of citrullinated proteins catalyzed by peptidylarginine deiminase in hippo-
campal extracts from patients with Alzheimer's disease, J. Neurosci. Res. 80 (1)
(2005) 120-128.

J.W. Wizeman, A.P. Nicholas, A. Ishigami, R. Mohan, Citrullination of glial in-
termediate filaments is an early response in retinal injury, Mol. Vis. 22 (2016)
1137-1155.

C.L. Hyder, H.M. Pallari, V. Kochin, J.E. Eriksson, Providing cellular signposts-
post-translational modifications of intermediate filaments, FEBS Lett. 582 (14)
(2008) 2140-2148.

C.L. Hawkins, M.J. Davies, Detection, identification, and quantification of oxida-
tive protein modifications, J. Biol. Chem. 294 (51) (2019) 19683-19708.

M.P. Hamon, E.K. Ahmed, M.A. Baraibar, B. Friguet, Proteome oxidative mod-
ifications and impairment of specific metabolic pathways during cellular senes-
cence and aging, Proteomics (2019) e1800421.

J. Duan, M.J. Gaffrey, W.J. Qian, Quantitative proteomic characterization of
redox-dependent post-translational modifications on protein cysteines, Mol.
Biosyst. 13 (5) (2017) 816-829.

Y. Shi, K.S. Carroll, Activity-based sensing for site-specific proteomic analysis of
cysteine oxidation, Accounts Chem. Res. 53 (2019) 20-31.

M.J. Davies, Protein oxidation and peroxidation, Biochem. J. 473 (7) (2016)
805-825.

D. Pérez-Sala, R. Domingues, Lipoxidation targets: from basic mechanisms to pa-
thophysiology, Redox Biol. 23 (2019) 101208.


https://doi.org/10.1016/j.redox.2020.101582
https://doi.org/10.1016/j.redox.2020.101582
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref1
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref1
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref2
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref2
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref3
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref3
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref4
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref4
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref5
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref5
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref5
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref6
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref6
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref6
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref7
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref7
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref7
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref8
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref8
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref8
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref9
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref9
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref9
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref9
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref10
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref10
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref10
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref10
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref11
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref11
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref11
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref12
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref12
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref12
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref12
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref13
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref13
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref13
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref14
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref14
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref14
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref15
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref15
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref15
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref16
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref16
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref16
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref17
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref17
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref17
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref18
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref18
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref19
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref19
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref20
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref20
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref20
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref20
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref21
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref21
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref21
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref21
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref22
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref22
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref22
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref23
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref23
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref23
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref24
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref24
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref24
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref24
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref25
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref25
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref25
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref26
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref26
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref26
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref26
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref27
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref27
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref27
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref28
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref28
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref28
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref28
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref29
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref29
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref29
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref29
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref30
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref30
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref30
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref31
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref31
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref31
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref32
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref32
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref32
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref33
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref33
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref33
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref33
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref34
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref34
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref34
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref35
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref35
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref36
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref36
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref36
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref37
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref37
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref37
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref37
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref38
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref38
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref38
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref38
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref38
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref39
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref39
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref39
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref40
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref40
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref40
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref41
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref41
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref42
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref42
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref42
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref43
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref43
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref43
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref44
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref44
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref45
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref45
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref46
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref46

A. Viedma-Poyatos, et al.

[47]

[48]

[49]

[501]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]
[73]

[74]

T. Grune, Oxidized protein aggregates: formation and biological effects, Free
Radic. Biol. Med. 150 (2020) 120-124.

M.R. Domingues, P. Domingues, T. Melo, D. Pérez-Sala, A. Reis, C. Spickett,
Lipoxidation adducts with peptides and proteins: deleterious modifications or
signalling mechanisms? J. Proteomics 92 (2013) 110-131.

C.L. Oeste, D. Pérez-Sala, Modification of cysteine residues by cyclopentenone
prostaglandins: interplay with redox regulation of protein function, Mass
Spectrom. Rev. 33 (2014) 110-125.

T.A. Heinrich, R.S. da Silva, K.M. Miranda, C.H. Switzer, D.A. Wink, J.M. Fukuto,
Biological nitric oxide signalling: chemistry and terminology, Br. J. Pharmacol.
169 (7) (2013) 1417-1429.

S. Mohr, H. Hallak, A. de Boitte, E.G. Lapetina, B. Brune, Nitric oxide-induced S-
glutathionylation and inactivation of glyceraldehyde-3-phosphate dehydrogenase,
J. Biol. Chem. 274 (14) (1999) 9427-9430.

P. Klatt, S. Lamas, Regulation of protein function by S-glutathiolation in response
to oxidative and nitrosative stress, Eur. J. Biochem. 267 (16) (2000) 4928-4944.
Z.W. Ye, J. Zhang, T. Ancrum, Y. Manevich, D.M. Townsend, K.D. Tew,
Glutathione S-transferase P-mediated protein S-glutathionylation of resident en-
doplasmic reticulum proteins influences sensitivity to drug-induced unfolded
protein response, Antioxidants Redox Signal. 26 (6) (2017) 247-261.

T. Magee, M.C. Seabra, Fatty acylation and prenylation of proteins: what's hot in
fat, Curr. Opin. Cell Biol. 17 (2) (2005) 190-196.

N.O. Baez, J.A. Reisz, C.M. Furdui, Mass spectrometry in studies of protein thiol
chemistry and signaling: opportunities and caveats, Free Radic. Biol. Med. 80
(2015) 191-211.

G. Aldini, M.R. Domingues, C.M. Spickett, P. Domingues, A. Altomare,

F.J. Sdnchez-Gémez, C.L. Oeste, D. Pérez-Sala, Protein lipoxidation: detection
strategies and challenges, Redox Biol 5 (2015) 253-266.

T. Patinen, S. Adinolfi, C.C. Cortes, J. Harkonen, A. Jawahar Deen, A.L. Levonen,
Regulation of stress signaling pathways by protein lipoxidation, Redox Biol 23
(2019) 101114.

G. Vistoli, D. De Maddis, A. Cipak, N. Zarkovic, M. Carini, G. Aldini, Advanced
glycoxidation and lipoxidation end products (AGEs and ALEs): an overview of
their mechanisms of formation, Free Radic. Res. 47 (2013) 3-27.

B. Diez-Dacal, F.J. Sdnchez-Gémez, P.A. Sdnchez-Murcia, I. Milackova,

T. Zimmerman, J. Ballekova, E. Garcia-Martin, J.A.G. Agtndez, S. Gharbi, F. Gago,
M. Stefek, D. Pérez-Sala, Molecular interactions and implications of aldose re-
ductase inhibition by PGA; and clinically used prostaglandins, Mol. Pharmacol. 89
(2016) 42-52.

M.J. Randall, M. Hristova, A. van der Vliet, Protein alkylation by the alpha,beta-
unsaturated aldehyde acrolein. A reversible mechanism of electrophile signaling?
FEBS Lett. 587 (23) (2013) 3808-3814.

R. Sun, L. Fu, K. Liu, C. Tian, Y. Yang, K.A. Tallman, N.A. Porter, D.C. Liebler,
J. Yang, Chemoproteomics reveals chemical diversity and dynamics of 4-Oxo-2-
nonenal modifications in cells, Mol. Cell. Proteomics 16 (10) (2017) 1789-1800.
M. Renedo, J. Gayarre, C.A. Garcia-Dominguez, A. Pérez-Rodriguez, A. Prieto,
F.J. Canada, J.M. Rojas, D. Pérez-Sala, Modification and activation of Ras proteins
by electrophilic prostanoids with different structure are site-selective,
Biochemistry 46 (2007) 6607-6616.

S.K. Srivastava, K.V. Ramana, D. Chandra, S. Srivastava, A. Bhatnagar, Regulation
of aldose reductase and the polyol pathway activity by nitric oxide, Chem. Biol.
Interact. 143-144 (2003) 333-340.

D. Pérez-Sala, Electrophilic eicosanoids: signaling and targets, Chem. Biol.
Interact. 192 (2011) 96-100.

A.L. Levonen, D.A. Dickinson, D.R. Moellering, R.T. Mulcahy, H.J. Forman,

V.M. Darley-Usmar, Biphasic effects of 15-deoxy-delta(12,14)-prostaglandin J(2)
on glutathione induction and apoptosis in human endothelial cells, Arterioscler.
Thromb. Vasc. Biol. 21 (11) (2001) 1846-1851.

A.E. Martinez, F.J. Sanchez-Gémez, B. Diez-Dacal, C.L. Oeste, D. Pérez-Sala, 15-
deoxy-A'**-prostaglandin J, exerts pro- and anti-inflammatory effects in me-
sangial cells in a concentration-dependent manner, Inflamm. Allergy - Drug
Targets 11 (2012) 58-65.

C.M. Spickett, A.R. Pitt, Modification of proteins by reactive lipid oxidation pro-
ducts and biochemical effects of lipoxidation, Essays Biochem. (2019)
EBC20190058.

A.J. Sarria, J.G. Lieber, S.K. Nordeen, R.M. Evans, The presence or absence of a
vimentin-type intermediate filament network affects the shape of the nucleus in
human SW-13 cells, J. Cell Sci. 107 (Pt 6) (1994) 1593-1607.

E. Colucci-Guyon, M.M. Portier, I. Dunia, D. Paulin, S. Pournin, C. Babinet, Mice
lacking vimentin develop and reproduce without an obvious phenotype, Cell 79
(4) (1994) 679-694.

G. dos Santos, M.R. Rogel, M.A. Baker, J.R. Troken, D. Urich, L. Morales-Nebreda,
J.A. Sennello, M.A. Kutuzov, A. Sitikov, J.M. Davis, A.P. Lam, P. Cheresh,

D. Kamp, D.K. Shumaker, G.R. Budinger, K.M. Ridge, Vimentin regulates activa-
tion of the NLRP3 inflammasome, Nat. Commun. 6 (2015) 6574.

N.C.A. van Engeland, F. Suarez Rodriguez, A. Rivero-Muller, T. Ristori, C.L. Duran,
O. Stassen, D. Antfolk, R.C.H. Driessen, S. Ruohonen, S.T. Ruohonen, S. Nuutinen,
E. Savontaus, S. Loerakker, K.J. Bayless, M. Sjoqvist, C.V.C. Bouten, J.E. Eriksson,
C.M. Sahlgren, Vimentin regulates Notch signaling strength and arterial re-
modeling in response to hemodynamic stress, Sci. Rep. 9 (1) (2019) 12415.

T.N. Mak, H. Bruggemann, Vimentin in bacterial infections, Cells 5 (2) (2016) E18.
Y.T. Yu, S.C. Chien, LY. Chen, C.T. Lai, Y.G. Tsay, S.C. Chang, M.F. Chang, Surface
vimentin is critical for the cell entry of SARS-CoV, J. Biomed. Sci. 23 (2016) 14.
1. Ramos, K. Stamatakis, C.L. Oeste, D. Pérez-Sala, Vimentin as a multifaceted
player and potential therapeutic target in viral infections, Int. J. Mol. Sci. 21 (13)
(2020) 4675.

14

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]
[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Redox Biology 36 (2020) 101582

M. Muller, S.S. Bhattacharya, T. Moore, Q. Prescott, T. Wedig, H. Herrmann,
T.M. Magin, Dominant cataract formation in association with a vimentin assembly
disrupting mutation, Hum. Mol. Genet. 18 (6) (2009) 1052-1057.

A.S. Ma, J.R. Grigg, G. Ho, I. Prokudin, E. Farnsworth, K. Holman, A. Cheng,
F.A. Billson, F. Martin, C. Fraser, D. Mowat, J. Smith, J. Christodoulou,

M. Flaherty, B. Bennetts, R.V. Jamieson, Sporadic and familial congenital catar-
acts: mutational spectrum and new diagnoses using next-generation sequencing,
Hum. Mutat. 37 (4) (2016) 371-384.

Y. Zhai, J. Li, W. Yu, S. Zhu, Y. Yu, M. Wu, G. Sun, X. Gong, K. Yao, Targeted
exome sequencing of congenital cataracts related genes: broadening the mutation
spectrum and genotype-phenotype correlations in 27 Chinese han families, Sci.
Rep. 7 (1) (2017) 1219.

B. Cogne, J.E. Bouameur, G. Hayot, X. Latypova, S. Pattabiraman, A. Caillaud,
K. Si-Tayeb, T. Besnard, S. Kury, C. Chariau, A. Gaignerie, L. David, P. Bordure,
D. Kaganovich, S. Bezieau, C. Golzio, T.M. Magin, B. Isidor, A dominant vimentin
variant causes a rare syndrome with premature aging, Eur. J. Hum. Genet. : EJHG
(Eur. J. Hum. Genet.) (2020), https://doi.org/10.1038/541431-020-0583-2.

T. Kueper, T. Grune, S. Prahl, H. Lenz, V. Welge, T. Biernoth, Y. Vogt, G.M. Muhr,
A. Gaemlich, T. Jung, G. Boemke, H.P. Elsasser, K.P. Wittern, H. Wenck, F. Stab,
T. Blatt, Vimentin is the specific target in skin glycation. Structural prerequisites,
functional consequences, and role in skin aging, J. Biol. Chem. 282 (32) (2007)
23427-23436.

S. Gharbi, B. Garzén, J. Gayarre, J. Timms, D. Pérez-Sala, Study of protein targets
for covalent modification by the antitumoral and anti-inflammatory prostaglandin
PGA;: focus on vimentin, J. Mass Spectrom. 42 (2007) 1474-1484.

J. Chavez, W.G. Chung, C.L. Miranda, M. Singhal, J.F. Stevens, C.S. Maier, Site-
specific protein adducts of 4-hydroxy-2(E)-nonenal in human THP-1 monocytic
cells: protein carbonylation is diminished by ascorbic acid, Chem. Res. Toxicol. 23
(1) (2010) 37-47.

B. Wang, G. Hom, S. Zhou, M. Guo, B. Li, J. Yang, V.M. Monnier, X. Fan, The
oxidized thiol proteome in aging and cataractous mouse and human lens revealed
by ICAT labeling, Aging Cell 16 (2) (2017) 244-261.

D. Frescas, C.M. Roux, S. Aygun-Sunar, A.S. Gleiberman, P. Krasnov,

0O.V. Kurnasov, E. Strom, L.P. Virtuoso, M. Wrobel, A.L. Osterman, M.P. Antoch,
V. Mett, O.B. Chernova, A.V. Gudkov, Senescent cells expose and secrete an oxi-
dized form of membrane-bound vimentin as revealed by a natural polyreactive
antibody, Proc. Natl. Acad. Sci. U. S. A. 114 (9) (2017) E1668-E1677.

S. Duarte, A. Viedma-Poyatos, A. Ménico, D. Pérez-Sala, The conserved cysteine
residue of type III intermediate filaments serves as a structural element and redox
sensor, Free Rad. Biol. Med. 120 (2018) S84.

R.A. Quinlan, W.W. Franke, Heteropolymer filaments of vimentin and desmin in
vascular smooth muscle tissue and cultured baby hamster kidney cells demon-
strated by chemical crosslinking, Proc. Natl. Acad. Sci. U. S. A. 79 (11) (1982)
3452-3456.

R.A. Quinlan, W.W. Franke, Molecular interactions in intermediate-sized filaments
revealed by chemical cross-linking. Heteropolymers of vimentin and glial filament
protein in cultured human glioma cells, Eur. J. Biochem. 132 (3) (1983) 477-484.
M. Ellis, S. Alousi, J. Lawniczak, H. Maisel, M. Welsh, Studies on lens vimentin,
Exp. Eye Res. 38 (2) (1984) 195-202.

K.R. Rogers, C.J. Morris, D.R. Blake, Oxidation of thiol in the vimentin cytoske-
leton, Biochem. J. 275 (Pt 3) (1991) 789-791.

P. Traub, S. Kuhn, S. Grub, Separation and characterization of homo and hetero-
oligomers of the intermediate filament proteins desmin and vimentin, J. Mol. Biol.
230 (3) (1993) 837-856.

A. Viedma-Poyatos, Y.d. Pablo, M. Pekny, D. Pérez-Sala, The cysteine residue of
glial fibrillary acidic protein is a critical target for lipoxidation and required for
efficient network organization, Free Rad. Biol. Med. 120 (2018) 380-394.

A. Ménico, S. Duarte, M.A. Pajares, D. Pérez-Sala, Vimentin disruption by lipox-
idation and electrophiles: role of the cysteine residue and filament dynamics,
Redox Biol 23 (2019) 101098.

A. Monico, S. Zorrilla, G. Rivas, D. Perez-Sala, Zinc differentially modulates the
assembly of soluble and polymerized vimentin, Int. J. Mol. Sci. 21 (7) (2020)
2426.

M.B. West, B.G. Hill, Y.T. Xuan, A. Bhatnagar, Protein glutathiolation by nitric
oxide: an intracellular mechanism regulating redox protein modification, Faseb. J.
20 (10) (2006) 1715-1717.

L. Cianfruglia, A. Perrelli, C. Fornelli, A. Magini, S. Gorbi, A.M. Salzano,

C. Antognelli, F. Retta, V. Benedetti, P. Cassoni, C. Emiliani, G. Principato,

A. Scaloni, T. Armeni, S.F. Retta, KRIT1 loss-of-function associated with cerebral
cavernous malformation disease leads to enhanced S-glutathionylation of distinct
structural and regulatory proteins, Antioxidants 8 (1) (2019).

M. Fratelli, H. Demol, M. Puype, S. Casagrande, I. Eberini, M. Salmona, V. Bonetto,
M. Mengozzi, F. Duffieux, E. Miclet, A. Bachi, J. Vandekerckhove, E. Gianazza,
P. Ghezzi, Identification by redox proteomics of glutathionylated proteins in oxi-
datively stressed human T lymphocytes, Proc. Natl. Acad. Sci. U. S. A. 99 (2002)
3505-3510.

T. Armeni, L. Ercolani, L. Urbanelli, A. Magini, F. Magherini, A. Pugnaloni, F. Piva,
A. Modesti, C. Emiliani, G. Principato, Cellular redox imbalance and changes of
protein S-glutathionylation patterns are associated with senescence induced by
oncogenic H-ras, PloS One 7 (12) (2012) e52151.

J. Alegre-Cebollada, P. Kosuri, D. Giganti, E. Eckels, J.A. Rivas-Pardo, N. Hamdani,
C.M. Warren, R.J. Solaro, W.A. Linke, J.M. Fernandez, S-glutathionylation of
cryptic cysteines enhances titin elasticity by blocking protein folding, Cell 156 (6)
(2014) 1235-1246.

M. Kaus-Drobek, N. Mucke, R.H. Szczepanowski, T. Wedig, M. Czarnocki-Cieciura,
M. Polakowska, H. Herrmann, A. Wyslouch-Cieszynska, M. Dadlez, Vimentin S-


http://refhub.elsevier.com/S2213-2317(20)30220-2/sref47
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref47
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref48
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref48
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref48
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref49
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref49
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref49
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref50
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref50
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref50
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref51
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref51
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref51
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref52
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref52
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref53
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref53
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref53
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref53
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref54
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref54
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref55
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref55
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref55
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref56
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref56
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref56
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref57
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref57
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref57
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref58
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref58
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref58
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref59
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref59
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref59
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref59
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref59
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref60
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref60
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref60
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref61
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref61
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref61
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref62
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref62
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref62
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref62
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref63
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref63
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref63
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref64
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref64
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref65
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref65
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref65
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref65
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref66
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref66
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref66
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref66
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref67
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref67
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref67
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref68
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref68
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref68
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref69
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref69
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref69
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref70
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref70
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref70
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref70
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref71
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref71
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref71
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref71
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref71
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref72
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref73
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref73
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref74
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref74
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref74
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref75
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref75
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref75
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref76
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref76
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref76
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref76
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref76
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref77
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref77
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref77
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref77
https://doi.org/10.1038/s41431-020-0583-2
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref79
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref79
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref79
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref79
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref79
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref80
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref80
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref80
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref81
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref81
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref81
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref81
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref82
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref82
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref82
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref83
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref83
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref83
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref83
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref83
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref84
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref84
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref84
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref85
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref85
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref85
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref85
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref86
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref86
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref86
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref87
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref87
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref88
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref88
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref89
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref89
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref89
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref90
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref90
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref90
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref91
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref91
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref91
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref92
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref92
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref92
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref93
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref93
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref93
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref94
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref94
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref94
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref94
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref94
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref95
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref95
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref95
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref95
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref95
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref96
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref96
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref96
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref96
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref97
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref97
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref97
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref97

A. Viedma-Poyatos, et al.

[99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

glutathionylation at Cys328 inhibits filament elongation and induces severing of
mature filaments in vitro, FEBS J. (2020), https://doi.org/10.1111/febs.15321.
N. Mor-Vaknin, A. Punturieri, K. Sitwala, D.M. Markovitz, Vimentin is secreted by
activated macrophages, Nat. Cell Biol. 5 (1) (2003) 59-63.

S. Janciauskiene, S. Tumpara, M. Wiese, S. Wrenger, V. Vijayan, F. Gueler,

R. Chen, K. Madyaningrana, R. Mahadeva, T. Welte, S. Immenschuh,

J. Chorostowska-Wynimko, Alphal-antitrypsin binds hemin and prevents oxida-
tive activation of human neutrophils: putative pathophysiological significance, J.
Leukoc. Biol. 102 (4) (2017) 1127-1141.

T. Laragione, E. Gianazza, R. Tonelli, P. Bigini, T. Mennini, F. Casoni,

T. Massignan, V. Bonetto, P. Ghezzi, Regulation of redox-sensitive exofacial pro-
tein thiols in CHO cells, Biol. Chem. 387 (10-11) (2006) 1371-1376.

C. Gronwall, K. Amara, U. Hardt, A. Krishnamurthy, J. Steen, M. Engstrom,

M. Sun, A.J. Ytterberg, R.A. Zubarev, D. Scheel-Toellner, J.D. Greenberg,

L. Klareskog, A.IL Catrina, V. Malmstrom, G.J. Silverman, Autoreactivity to mal-
ondialdehyde-modifications in rheumatoid arthritis is linked to disease activity
and synovial pathogenesis, J. Autoimmun. 84 (2017) 29-45.

Y. Yang, J. Loscalzo, S-nitrosoprotein formation and localization in endothelial
cells, Proc. Natl. Acad. Sci. U. S. A. 102 (1) (2005) 117-122.

B. Huang, S.C. Chen, D.L. Wang, Shear flow increases S-nitrosylation of proteins in
endothelial cells, Cardiovasc. Res. 83 (3) (2009) 536-546.

B. Huang, C.L. Liao, Y.P. Lin, S.C. Chen, D.L. Wang, S-nitrosoproteome in en-
dothelial cells revealed by a modified biotin switch approach coupled with
Western blot-based two-dimensional gel electrophoresis, J. Proteome Res. 8 (10)
(2009) 4835-4843.

O. Hernandez-Perera, D. Pérez-Sala, R. Sanchez-Pascuala, J. Navarro-Antolin,

G. Hernandez, C. Diaz, S. Lamas, Effects of the 3-hydroxy-3-methylglutaryl-CoA
reductase inhibitors, atorvastatin and simvastatin, on the expression of endothelin-
1 and endothelial nitric oxide synthase in vascular endothelial cells, J. Clin. Invest.
101 (1998) 2711-2719.

B. Huang, F.A. Li, C.H. Wu, D.L. Wang, The role of nitric oxide on rosuvastatin-
mediated S-nitrosylation and translational proteomes in human umbilical vein
endothelial cells, Proteome Sci. 10 (1) (2012) 43.

J. Jia, A. Arif, F. Terenzi, B. Willard, E.F. Plow, S.L. Hazen, P.L. Fox, Target-se-
lective protein S-nitrosylation by sequence motif recognition, Cell 159 (3) (2014)
623-634.

K. Stamatakis, F.J. Sdnchez-Gémez, D. Pérez-Sala, Identification of novel protein
targets for modification by 15-deoxy-A'>'*-prostaglandin J, in mesangial cells
reveals multiple interactions with the cytoskeleton, J. Am. Soc. Nephrol. 17 (2006)
89-98.

T. Ishii, K. Uchida, Induction of reversible cysteine-targeted protein oxidation by
an endogenous electrophile 15-deoxy-delta(12,14)-prostaglandin J2, Chem. Res.
Toxicol. 17 (2004) 1313-1322.

J.P. Castro, T. Jung, T. Grune, W. Siems, 4-Hydroxynonenal (HNE) modified
proteins in metabolic diseases, Free Radic. Biol. Med. 111 (2017) 309-315.

H. Esterbauer, R.J. Schaur, H. Zollner, Chemistry and biochemistry of 4-hydro-
xynonenal, malonaldehyde and related aldehydes, Free Radic. Biol. Med. 11 (1)
(1991) 81-128.

E.K. Ahmed, A. Rogowska-Wrzesinska, P. Roepstorff, A.L. Bulteau, B. Friguet,
Protein modification and replicative senescence of WI-38 human embryonic fi-
broblasts, Aging Cell 9 (2) (2010) 252-272.

R.J. Schaur, Basic aspects of the biochemical reactivity of 4-hydroxynonenal, Mol.
Aspect. Med. 24 (4-5) (2003) 149-159.

S. Duarte, T. Melo, R. Domingues, J.d.D. Alché, D. Pérez-Sala, Insight into the
cellular effects of nitrated phospholipids: evidence for pleiotropic mechanisms of
action, Free Rad. Biol. Med. 144 (2019) 192-202.

C.T. Shearn, D.J. Orlicky, L.M. Saba, A.H. Shearn, D.R. Petersen, Increased he-
patocellular protein carbonylation in human end-stage alcoholic cirrhosis, Free
Radic. Biol. Med. 89 (2015) 1144-1153.

C.T. Shearn, L.M. Saba, J.R. Roede, D.J. Orlicky, A.H. Shearn, D.R. Petersen,
Differential carbonylation of proteins in end-stage human fatty and nonfatty
NASH, Free Radic. Biol. Med. 113 (2017) 280-290.

M. Mol, G. Degani, C. Coppa, G. Baron, L. Popolo, M. Carini, G. Aldini, G. Vistoli,
A. Altomare, Advanced lipoxidation end products (ALEs) as RAGE binders: mass
spectrometric and computational studies to explain the reasons why, Redox Biol.
23 (2019) 101083.

Y.C. Hung, P.W. Wang, T.L. Pan, G. Bazylak, Y.L. Leu, Proteomic screening of
antioxidant effects exhibited by radix Salvia miltiorrhiza aqueous extract in cul-
tured rat aortic smooth muscle cells under homocysteine treatment, J.
Ethnopharmacol. 124 (3) (2009) 463-474.

C.M. Wong, Y. Zhang, Y. Huang, Bone morphogenic protein-4-induced oxidant
signaling via protein carbonylation for endothelial dysfunction, Free Radic. Biol.
Med. 75 (2014) 178-190.

C.K. Lii, A.H. Lin, S.L. Lee, H.W. Chen, T.S. Wang, Oxidative modifications of
proteins by sodium arsenite in human umbilical vein endothelial cells, Environ.
Toxicol. 26 (5) (2011) 459-471.

P.C. Burcham, A. Raso, C.A. Thompson, Intermediate filament carbonylation
during acute acrolein toxicity in A549 lung cells: functional consequences, cha-
perone redistribution, and protection by bisulfite, Antioxidants Redox Signal. 12
(3) (2010) 337-347.

P.C. Burcham, A. Raso, C.A. Thompson, Toxicity of smoke extracts towards A549
lung cells: role of acrolein and suppression by carbonyl scavengers, Chem. Biol.
Interact. 183 (3) (2010) 416-424.

M. Mateu-Jimenez, A. Sanchez-Font, A. Rodriguez-Fuster, R. Aguilomicron,

L. Pijuan, C. Fermoselle, J. Gea, V. Curull, E. Barreiro, Redox imbalance in lung
cancer of patients with underlying chronic respiratory conditions, Mol. Med. 22

15

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

Redox Biology 36 (2020) 101582

(2016) 85-98.

J. Choi, C.A. Malakowsky, J.M. Talent, C.C. Conrad, C.A. Carroll, S.T. Weintraub,
R.W. Gracy, Anti-apoptotic proteins are oxidized by Abeta25-35 in Alzheimer's
fibroblasts, Biochim. Biophys. Acta 1637 (2) (2003) 135-141.

J. Choi, C.C. Conrad, R. Dai, C.A. Malakowsky, J.M. Talent, C.A. Carroll,

S.T. Weintraub, R.W. Gracy, Vitamin E prevents oxidation of antiapoptotic pro-
teins in neuronal cells, Proteomics 3 (1) (2003) 73-77.

G. Vattemi, Y. Mechref, M. Marini, P. Tonin, P. Minuz, L. Grigoli, V. Guglielmi,
1. Klouckova, C. Chiamulera, A. Meneguzzi, M. Di Chio, V. Tedesco, L. Lovato,
M. Degan, G. Arcaro, A. Lechi, M.V. Novotny, G. Tomelleri, Increased protein
nitration in mitochondrial diseases: evidence for vessel wall involvement, Mol.
Cell. Proteomics 10 (4) (2011) M110.002964.

F.A. Masri, S.A. Combhair, T. Koeck, W. Xu, A. Janocha, S. Ghosh, R.A. Dweik,

J. Golish, M. Kinter, D.J. Stuehr, S.C. Erzurum, K.S. Aulak, Abnormalities in nitric
oxide and its derivatives in lung cancer, Am. J. Respir. Crit. Care Med. 172 (5)
(2005) 597-605.

Y. Kato, S. Ono, N. Kitamoto, A.J. Kettle, Covalent modification of cytoskeletal
proteins in neuronal cells by tryptamine-4,5-dione, Redox Biol. 2 (2014) 983-990.
C. Eliasson, C. Sahlgren, C.H. Berthold, J. Stakeberg, J.E. Celis, C. Betsholtz,

J.E. Eriksson, M. Pekny, Intermediate filament protein partnership in astrocytes, J.
Biol. Chem. 274 (34) (1999) 23996-24006.

J. Middeldorp, E.M. Hol, GFAP in health and disease, Prog. Neurobiol. 93 (3)
(2011) 421-443.

S. Carotti, S. Morini, S.G. Corradini, M.A. Burza, A. Molinaro, G. Carpino,

M. Merli, A. De Santis, A.O. Muda, M. Rossi, A.F. Attili, E. Gaudio, Glial fibrillary
acidic protein as an early marker of hepatic stellate cell activation in chronic and
posttransplant recurrent hepatitis C, Liver transplantation, Off. Pub. Am. Assoc.
Study Liver Dis. Int. Liver Trans. Soc. 14 (6) (2008) 806-814.

U. Wilhelmsson, L. Li, M. Pekna, C.H. Berthold, S. Blom, C. Eliasson, O. Renner,
E. Bushong, M. Ellisman, T.E. Morgan, M. Pekny, Absence of glial fibrillary acidic
protein and vimentin prevents hypertrophy of astrocytic processes and improves
post-traumatic regeneration, J. Neurosci. 24 (21) (2004) 5016-5021.

R.J. Castellani, G. Perry, P.L. Harris, M.L. Cohen, L.M. Sayre, R.G. Salomon,
M.A. Smith, Advanced lipid peroxidation end-products in Alexander's disease,
Brain Res. 787 (1) (1998) 15-18.

A. Messing, Alexander disease, Handb. Clin. Neurol. 148 (2018) 693-700.

M. Inagaki, Y. Nakamura, M. Takeda, T. Nishimura, N. Inagaki, Glial fibrillary
acidic protein: dynamic property and regulation by phosphorylation, Brain Pathol.
4 (3) (1994) 239-243.

H. Kosako, M. Amano, M. Yanagida, K. Tanabe, Y. Nishi, K. Kaibuchi, M. Inagaki,
Phosphorylation of glial fibrillary acidic protein at the same sites by cleavage
furrow kinase and Rho-associated kinase, J. Biol. Chem. 272 (16) (1997)
10333-10336.

J.H. Herskowitz, N.T. Seyfried, D.M. Duong, Q. Xia, H.D. Rees, M. Gearing,

J. Peng, J.J. Lah, A.L. Levey, Phosphoproteomic analysis reveals site-specific
changes in GFAP and NDRG2 phosphorylation in frontotemporal lobar degen-
eration, J. Proteome Res. 9 (12) (2010) 6368-6379.

R.A. Battaglia, A.S. Beltran, S. Delic, R. Dumitru, J.A. Robinson, P. Kabiraj,

L.E. Herring, V.J. Madden, N. Ravinder, E. Willems, R.A. Newman, R.A. Quinlan,
J.E. Goldman, M.D. Perng, M. Inagaki, N.T. Snider, Site-specific phosphorylation
and caspase cleavage of GFAP are new markers of Alexander disease severity, eLife
8 (2019) e47789.

S.M. Sullivan, R.K. Sullivan, S.M. Miller, Z. Ireland, S.T. Bjorkman, D.V. Pow,
P.B. Colditz, Phosphorylation of GFAP is associated with injury in the neonatal pig
hypoxic-ischemic brain, Neurochem. Res. 37 (11) (2012) 2364-2378.

R. Porchet, A. Probst, C. Bouras, E. Draberova, P. Draber, B.M. Riederer, Analysis
of glial acidic fibrillary protein in the human entorhinal cortex during aging and in
Alzheimer's disease, Proteomics 3 (8) (2003) 1476-1485.

I.M. Riederer, R.M. Herrero, G. Leuba, B.M. Riederer, Serial protein labeling with
infrared maleimide dyes to identify cysteine modifications, J Proteomics 71 (2)
(2008) 222-230.

G. Tang, M.D. Perng, S. Wilk, R. Quinlan, J.E. Goldman, Oligomers of mutant glial
fibrillary acidic protein (GFAP) Inhibit the proteasome system in Alexander dis-
ease astrocytes, and the small heat shock protein alphaB-crystallin reverses the
inhibition, J. Biol. Chem. 285 (14) (2010) 10527-10537.

M. Zareba-Koziol, A. Szwajda, M. Dadlez, A. Wyslouch-Cieszynska, M. Lalowski,
Global analysis of S-nitrosylation sites in the wild type (APP) transgenic mouse
brain-clues for synaptic pathology, Mol. Cell. Proteomics 13 (9) (2014)
2288-2305.

O.A. Bizzozero, J. Zheng, Identification of major S-nitrosylated proteins in murine
experimental autoimmune encephalomyelitis, J. Neurosci. Res. 87 (13) (2009)
2881-2889.

G. Muntane, E. Dalfo, A. Martinez, M.J. Rey, J. Avila, M. Perez, M. Portero,

R. Pamplona, V. Ayala, 1. Ferrer, Glial fibrillary acidic protein is a major target of
glycoxidative and lipoxidative damage in Pick's disease, J. Neurochem. 99 (1)
(2006) 177-185.

F. Di Domenico, G. Pupo, A. Tramutola, A. Giorgi, M.E. Schinina, R. Coccia,

E. Head, D.A. Butterfield, M. Perluigi, Redox proteomics analysis of HNE-modified
proteins in Down syndrome brain: clues for understanding the development of
Alzheimer disease, Free Radic. Biol. Med. 71 (2014) 270-280.

A. Martinez, M. Carmona, M. Portero-Otin, A. Naudi, R. Pamplona, 1. Ferrer, Type-
dependent oxidative damage in frontotemporal lobar degeneration: cortical as-
trocytes are targets of oxidative damage, J. Neuropathol. Exp. Neurol. 67 (12)
(2008) 1122-1136.

R. Pamplona, E. Dalfé, V. Ayala, M.J. Bellmunt, J. Prat, I. Ferrer, M. Portero-Otin,
Proteins in human brain cortex are modified by oxidation, glycoxidation, and


https://doi.org/10.1111/febs.15321
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref99
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref99
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref100
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref100
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref100
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref100
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref100
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref101
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref101
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref101
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref102
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref102
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref102
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref102
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref102
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref103
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref103
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref104
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref104
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref105
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref105
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref105
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref105
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref106
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref106
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref106
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref106
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref106
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref107
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref107
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref107
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref108
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref108
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref108
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref109
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref109
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref109
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref109
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref110
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref110
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref110
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref111
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref111
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref112
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref112
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref112
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref113
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref113
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref113
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref114
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref114
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref115
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref115
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref115
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref116
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref116
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref116
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref117
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref117
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref117
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref118
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref118
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref118
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref118
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref119
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref119
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref119
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref119
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref120
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref120
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref120
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref121
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref121
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref121
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref122
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref122
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref122
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref122
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref123
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref123
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref123
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref124
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref124
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref124
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref124
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref125
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref125
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref125
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref126
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref126
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref126
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref127
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref127
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref127
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref127
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref127
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref128
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref128
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref128
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref128
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref129
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref129
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref130
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref130
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref130
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref131
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref131
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref132
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref132
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref132
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref132
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref132
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref133
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref133
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref133
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref133
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref134
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref134
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref134
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref135
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref136
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref136
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref136
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref137
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref137
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref137
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref137
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref138
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref138
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref138
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref138
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref139
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref139
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref139
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref139
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref139
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref140
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref140
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref140
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref141
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref141
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref141
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref142
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref142
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref142
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref143
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref143
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref143
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref143
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref144
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref144
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref144
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref144
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref145
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref145
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref145
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref146
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref146
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref146
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref146
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref147
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref147
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref147
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref147
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref148
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref148
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref148
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref148
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref149
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref149

A. Viedma-Poyatos, et al.

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

lipoxidation, J. Biol. Chem. 280 (2005) 21522-21530.

M. Dominguez-Gonzalez, M. Puigpinos, M. Jove, A. Naudi, M. Portero-Otin,

R. Pamplona, I. Ferrer, Regional vulnerability to lipoxidative damage and in-
flammation in normal human brain aging, Exp. Gerontol. 111 (2018) 218-228.
A. Martinez, M. Portero-Otin, R. Pamplona, I. Ferrer, Protein targets of oxidative
damage in human neurodegenerative diseases with abnormal protein aggregates,
Brain Pathol. 20 (2) (2010) 281-297.

R. Sultana, M. Perluigi, S.F. Newman, W.M. Pierce, C. Cini, R. Coccia,

D.A. Butterfield, Redox proteomic analysis of carbonylated brain proteins in mild
cognitive impairment and early Alzheimer's disease, Antioxidants Redox Signal.
12 (3) (2010) 327-336.

M.A. Sorolla, G. Reverter-Branchat, J. Tamarit, I. Ferrer, J. Ros, E. Cabiscol,
Proteomic and oxidative stress analysis in human brain samples of Huntington
disease, Free Radic. Biol. Med. 45 (5) (2008) 667-678.

F. Di Domenico, R. Coccia, A. Cocciolo, M.P. Murphy, G. Cenini, E. Head,

D.A. Butterfield, A. Giorgi, M.E. Schinina, C. Mancuso, C. Cini, M. Perluigi,
Impairment of proteostasis network in Down syndrome prior to the development
of Alzheimer's disease neuropathology: redox proteomics analysis of human brain,
Biochim. Biophys. Acta 1832 (8) (2013) 1249-1259.

K. Kaneko, A. Nakamura, K. Yoshida, F. Kametani, K. Higuchi, S. Ikeda, Glial fi-
brillary acidic protein is greatly modified by oxidative stress in acer-
uloplasminemia brain, Free Radic. Res. 36 (3) (2002) 303-306.

Y. Suzuki, M. Tanaka, M. Sohmiya, S. Ichinose, A. Omori, K. Okamoto,
Identification of nitrated proteins in the normal rat brain using a proteomics ap-
proach, Neurol. Res. 27 (6) (2005) 630-633.

M.A. Peinado, R. Hernandez, J. Peragon, D. Ovelleiro, J.A. Pedrosa, S. Blanco,
Proteomic characterization of nitrated cell targets after hypobaric hypoxia and
reoxygenation in rat brain, J Proteomics 109 (2014) 309-321.

M.A. Korolainen, S. Auriola, T.A. Nyman, I. Alafuzoff, T. Pirttila, Proteomic ana-
lysis of glial fibrillary acidic protein in Alzheimer's disease and aging brain,
Neurobiol. Dis. 20 (3) (2005) 858-870.

A. Janue, M.A. Odena, E. Oliveira, M. Olive, 1. Ferrer, Desmin is oxidized and
nitrated in affected muscles in myotilinopathies and desminopathies, J.
Neuropathol. Exp. Neurol. 66 (8) (2007) 711-723.

D.L. Winter, D. Paulin, M. Mericskay, Z. Li, Posttranslational modifications of
desmin and their implication in biological processes and pathologies, Histochem.
Cell Biol. 141 (1) (2014) 1-16.

W.B. VanWinkle, M. Snuggs, J.C. Miller, L.M. Buja, Cytoskeletal alterations in
cultured cardiomyocytes following exposure to the lipid peroxidation product, 4-
hydroxynonenal, Cell Motil Cytoskeleton 28 (2) (1994) 119-134.

B.D. Segard, F. Delort, V. Bailleux, S. Simon, E. Leccia, B. Gausseres, F. Briki,

P. Vicart, S. Batonnet-Pichon, N-acetyl-L-cysteine prevents stress-induced desmin
aggregation in cellular models of desminopathy, PloS One 8 (10) (2013) e76361.
E. Cabet, S. Batonnet-Pichon, F. Delort, B. Gausseres, P. Vicart, A. Lilienbaum,
Antioxidant treatment and induction of autophagy cooperate to reduce desmin
aggregation in a cellular model of desminopathy, PloS One 10 (9) (2015)
e€0137009.

Q. Chen, J. Huang, F. Huang, M. Huang, G. Zhou, Influence of oxidation on the
susceptibility of purified desmin to degradation by mu-calpain, caspase-3 and -6,
Food Chem. 150 (2014) 220-226.

J.P. Brennan, R. Wait, S. Begum, J.R. Bell, M.J. Dunn, P. Eaton, Detection and
mapping of widespread intermolecular protein disulfide formation during cardiac
oxidative stress using proteomics with diagonal electrophoresis, J. Biol. Chem. 279
(40) (2004) 41352-41360.

R.L. Charles, E. Schroder, G. May, P. Free, P.R. Gaffney, R. Wait, S. Begum,

R.J. Heads, P. Eaton, Protein sulfenation as a redox sensor: proteomics studies
using a novel biotinylated dimedone analogue, Mol. Cell. Proteomics 6 (9) (2007)
1473-1484.

J. Luo, B.G. Hill, Y. Gu, J. Cai, S. Srivastava, A. Bhatnagar, S.D. Prabhu,
Mechanisms of acrolein-induced myocardial dysfunction: implications for en-
vironmental and endogenous aldehyde exposure, Am. J. Physiol. Heart Circ.
Physiol. 293 (6) (2007) H3673-H3684.

E. Barreiro, S.N. Hussain, Protein carbonylation in skeletal muscles: impact on
function, Antioxidants Redox Signal. 12 (3) (2010) 417-429.

S. Xiao, J. McLean, J. Robertson, Neuronal intermediate filaments and ALS: a new
look at an old question, Biochim. Biophys. Acta 1762 (11-12) (2006) 1001-1012.
T.M. Doran, J. Morimoto, S. Simanski, E.J. Koesema, L.F. Clark, K. Pels,

S.L. Stoops, A. Pugliese, J.S. Skyler, T. Kodadek, Discovery of phosphorylated
peripherin as a major humoral autoantigen in type 1 diabetes mellitus, Cell Chem.
Biol. 23 (5) (2016) 618-628.

F. Gros-Louis, R. Lariviere, G. Gowing, S. Laurent, W. Camu, J.P. Bouchard,

V. Meininger, G.A. Rouleau, J.P. Julien, A frameshift deletion in peripherin gene
associated with amyotrophic lateral sclerosis, J. Biol. Chem. 279 (44) (2004)
45951-45956.

R.C. Lariviere, M.D. Nguyen, A. Ribeiro-da-Silva, J.P. Julien, Reduced number of
unmyelinated sensory axons in peripherin null mice, J. Neurochem. 81 (3) (2002)
525-532.

S. Chadan, K.L. Moya, M.M. Portier, G. Filliatreau, Identification of a peripherin
dimer: changes during axonal development and regeneration of the rat sciatic
nerve, J. Neurochem. 62 (5) (1994) 1894-1905.

J.R. McLean, Identification and Characterization of Peripherin Isoforms in
Amyotrophic Lateral Sclerosis, Graduate Department of Laboratory Medicine and
Pathobiology, University of Toronto, 2009.

G. Tedeschi, G. Cappelletti, S. Nonnis, F. Taverna, A. Negri, C. Ronchi, S. Ronchi,
Tyrosine nitration is a novel post-translational modification occurring on the

16

[176]
[177]

[178]

[179]

[180]

[181]

[182]
[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

Redox Biology 36 (2020) 101582

neural intermediate filament protein peripherin, Neurochem. Res. 32 (3) (2007)
433-441.

V. Gupta, K.S. Carroll, Sulfenic acid chemistry, detection and cellular lifetime,
Biochim. Biophys. Acta 1840 (2) (2014) 847-875.

T.H. Truong, K.S. Carroll, Redox regulation of protein kinases, Crit. Rev. Biochem.
Mol. Biol. 48 (4) (2013) 332-356.

S.R. Sripathi, W. He, J.Y. Um, T. Moser, S. Dehnbostel, K. Kindt, J. Goldman,
M.C. Frost, W.J. Jahng, Nitric oxide leads to cytoskeletal reorganization in the
retinal pigment epithelium under oxidative stress, Adv. Biosci. Biotechnol. 3
(2012) 1167-1178.

1. Paron, A. D'Elia, C. D'Ambrosio, A. Scaloni, F. D'Aurizio, A. Prescott,

G. Damante, G. Tell, A proteomic approach to identify early molecular targets of
oxidative stress in human epithelial lens cells, Biochem. J. 378 (Pt 3) (2004)
929-937.

S. Marcone, P. Evans, D.J. Fitzgerald, 15-Deoxy-Deltal2,14-Prostaglandin J2
modifies components of the proteasome and inhibits inflammatory responses in
human endothelial cells, Front. Immunol. 7 (2016) 459.

Y.C. Lin, C.P. Broedersz, A.C. Rowat, T. Wedig, H. Herrmann, F.C. Mackintosh,
D.A. Weitz, Divalent cations crosslink vimentin intermediate filament tail domains
to regulate network mechanics, J. Mol. Biol. 399 (4) (2010) 637-644.

D. Pérez-Sala, C.L. Oeste, F.J. Sdnchez-Gémez, Vimentin gets a new glow from
zinc, Oncotarget 6 (18) (2015) 15742-15743.

W. Maret, The redox biology of redox-inert zinc ions, Free Radic. Biol. Med. 134
(2019) 311-326.

R. Spurny, K. Abdoulrahman, L. Janda, D. Runzler, G. Kohler, M.J. Castanon,

G. Wiche, Oxidation and nitrosylation of cysteines proximal to the intermediate
filament (IF)-binding site of plectin: effects on structure and vimentin binding and
involvement in if collapse, J. Biol. Chem. 282 (11) (2007) 8175-8187.

S. Jaisson, C. Pietrement, P. Gillery, Protein carbamylation: chemistry, patho-
physiological involvement, and biomarkers, Adv. Clin. Chem. 84 (2018) 1-38.
T.L. Hagemann, B. Powers, C. Mazur, A. Kim, S. Wheeler, G. Hung, E. Swayze,
A. Messing, Antisense suppression of glial fibrillary acidic protein as a treatment
for Alexander disease, Ann. Neurol. 83 (1) (2018) 27-39.

K.P. Trogden, R.A. Battaglia, P. Kabiraj, V.J. Madden, H. Herrmann, N.T. Snider,
An image-based small-molecule screen identifies vimentin as a pharmacologically
relevant target of simvastatin in cancer cells, Faseb. J. 32 (5) (2018) 2841-2854.
P. Bargagna-Mohan, A. Hamza, Y.E. Kim, Y. Khuan Abby Ho, N. Mor-Vaknin,

N. Wendschlag, J. Liu, R.M. Evans, D.M. Markovitz, C.G. Zhan, K.B. Kim,

R. Mohan, The tumor inhibitor and antiangiogenic agent withaferin A targets the
intermediate filament protein vimentin, Chem. Biol. 14 (6) (2007) 623-634.

P. Bargagna-Mohan, R.R. Paranthan, A. Hamza, N. Dimova, B. Trucchi,

C. Srinivasan, G.I Elliott, C.G. Zhan, D.L. Lau, H. Zhu, K. Kasahara, M. Inagaki,
F. Cambi, R. Mohan, Withaferin A targets intermediate filaments glial fibrillary
acidic protein and vimentin in a model of retinal gliosis, J. Biol. Chem. 285 (10)
(2010) 7657-7669.

R. Mohan, P. Bargagna-Mohan, The use of withaferin A to study intermediate fi-
laments, Methods Enzymol. 568 (2016) 187-218.

B. Grin, S. Mahammad, T. Wedig, M.M. Cleland, L. Tsai, H. Herrmann,

R.D. Goldman, Withaferin a alters intermediate filament organization, cell shape
and behavior, PloS One 7 (6) (2012) e39065.

A. Chaudhary, R.S. Kalra, V. Malik, S.P. Katiyar, D. Sundar, S.C. Kaul, R. Wadhwa,
2, 3-Dihydro-3beta-methoxy withaferin-A lacks anti-metastasis potency: bioin-
formatics and experimental evidences, Sci. Rep. 9 (1) (2019) 17344.

J. Yang, W. Yan, Y. Li, L. Niu, H. Ye, L. Chen, The natural compound withaferin A
covalently binds to Cys239 of beta-tubulin to promote tubulin degradation, Mol.
Pharmacol. 96 (6) (2019) 711-719.

R. Burikhanov, V.M. Sviripa, N. Hebbar, W. Zhang, W.J. Layton, A. Hamza,

C.G. Zhan, D.S. Watt, C. Liu, V.M. Rangnekar, Arylquins target vimentin to trigger
Par-4 secretion for tumor cell apoptosis, Nat. Chem. Biol. 10 (11) (2014) 924-926.
C.H. Kaschula, R. Tuveri, E. Ngarande, K. Dzobo, C. Barnett, D.A. Kusza,

L.M. Graham, A.A. Katz, M.S. Rafudeen, M.I. Parker, R. Hunter, G. Schafer, The
garlic compound ajoene covalently binds vimentin, disrupts the vimentin network
and exerts anti-metastatic activity in cancer cells, BMC Canc. 19 (1) (2019) 248.
M.C.H. Gruhlke, H. Antelmann, J. Bernhardt, V. Kloubert, L. Rink, A.J. Slusarenko,
The human allicin-proteome: S-thioallylation of proteins by the garlic defence
substance allicin and its biological effects, Free Radic. Biol. Med. 131 (2019)
144-153.

S. Liu, B. Zhou, H. Yang, Y. He, Z.X. Jiang, S. Kumar, L. Wu, Z.Y. Zhang, Aryl vinyl
sulfonates and sulfones as active site-directed and mechanism-based probes for
protein tyrosine phosphatases, J. Am. Chem. Soc. 130 (26) (2008) 8251-8260.
C.H. Yu, C.C. Chou, D.Y. Lee, K.H. Khoo, G.D. Chang, Target identification reveals
protein arginine methyltransferase 1 is a potential target of phenyl vinyl sulfone
and its derivatives, Biosci. Rep. 38 (2) (2018) BSR20171717.

M.J. Bollong, M. Pietila, A.D. Pearson, T.R. Sarkar, I. Ahmad, R. Soundararajan,
C.A. Lyssiotis, S.A. Mani, P.G. Schultz, L.L. Lairson, A vimentin binding small
molecule leads to mitotic disruption in mesenchymal cancers, Proc. Natl. Acad.
Sci. U. S. A. 114 (46) (2017) E9903-E9912.

B.W. Meier, J.D. Gomez, A. Zhou, J.A. Thompson, Immunochemical and pro-
teomic analysis of covalent adducts formed by quinone methide tumor promoters
in mouse lung epithelial cell lines, Chem. Res. Toxicol. 18 (10) (2005) 1575-1585.
S. Ermakova, B.Y. Choi, H.S. Choi, B.S. Kang, A.M. Bode, Z. Dong, The inter-
mediate filament protein vimentin is a new target for epigallocatechin gallate, J.
Biol. Chem. 280 (17) (2005) 16882-16890.

S. Nicolet, H. Herrmann, U. Aebi, S.V. Strelkov, Atomic structure of vimentin coil
2, J. Struct. Biol. 170 (2) (2010) 369-376.


http://refhub.elsevier.com/S2213-2317(20)30220-2/sref149
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref150
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref150
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref150
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref151
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref151
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref151
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref152
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref152
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref152
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref152
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref153
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref153
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref153
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref154
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref154
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref154
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref154
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref154
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref155
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref155
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref155
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref156
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref156
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref156
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref157
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref157
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref157
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref158
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref158
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref158
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref159
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref159
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref159
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref160
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref160
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref160
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref161
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref161
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref161
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref162
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref162
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref162
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref163
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref163
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref163
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref163
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref164
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref164
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref164
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref165
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref165
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref165
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref165
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref166
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref166
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref166
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref166
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref167
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref167
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref167
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref167
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref168
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref168
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref169
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref169
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref170
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref170
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref170
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref170
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref171
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref171
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref171
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref171
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref172
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref172
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref172
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref173
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref173
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref173
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref174
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref174
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref174
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref175
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref175
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref175
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref175
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref176
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref176
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref177
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref177
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref178
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref178
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref178
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref178
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref179
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref179
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref179
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref179
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref180
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref180
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref180
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref181
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref181
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref181
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref182
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref182
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref183
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref183
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref184
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref184
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref184
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref184
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref185
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref185
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref186
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref186
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref186
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref187
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref187
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref187
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref188
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref188
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref188
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref188
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref189
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref189
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref189
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref189
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref189
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref190
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref190
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref191
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref191
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref191
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref192
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref192
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref192
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref193
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref193
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref193
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref194
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref194
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref194
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref195
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref195
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref195
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref195
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref196
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref196
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref196
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref196
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref197
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref197
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref197
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref198
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref198
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref198
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref199
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref199
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref199
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref199
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref200
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref200
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref200
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref201
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref201
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref201
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref202
http://refhub.elsevier.com/S2213-2317(20)30220-2/sref202

	Type III intermediate filaments as targets and effectors of electrophiles and oxidants
	Introduction
	Structural aspects of type III IFs
	Posttranslational modifications of type III IFs
	General aspects of PTMs frequently associated with oxidative stress

	Vimentin
	GFAP
	Desmin and peripherin
	Interplay between PTMs in type III IFs
	Vimentin and other IFs as drug targets
	Concluding remarks
	Declaration of competing interest
	Acknowledgments
	Supplementary data
	References




