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Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) were initially regarded mainly as metabolic
by-products with damaging properties. Over the last decade, our understanding of their role in metabolism was
drastically changed and they were recognized as essential mediators in cellular signaling cascades, as well as
modulators of biochemical pathways. Proteostasis is highly affected by the various levels of intracellular and
extracellular free radicals with either mild or severe outcomes. As part of the proteostatic network, the pro-

teasome system is equally affected by redox alterations. This short review summarizes the effects of oxidative
stress on proteasome status while it also recapitulates conditions and processes where redox alterations signal
changes to proteasome expression, assembly and function.

1. Oxidative stress

Organisms are obliged to live in an environment that contains 78%
nitrogen and 21% oxygen. Therefore, they have adapted to that en-
vironment and this is reflected by the mechanisms they possess to
maintain a balance between oxidants and antioxidants [1]. Oxidative
stress is a term that is used to describe the imbalance between oxidants
and antioxidants that occur in favor of oxidants [2].

1.1. Free radicals

Free radicals are in general defined as chemical species that possess
unpaired electrons. There are two major species; a) Reactive oxygen
species (ROS) that are molecules derived from O, and, b) Reactive ni-
trogen species (RNS) that are molecules derived from nitrogen and
oxygen (nitric oxide — NO) [1]. Increase in cellular ROS and RNS levels
is caused by both endogenous and exogenous sources. Exogenous
sources include smoke, air pollutants, radiation (UV and ionizing) and
several drugs. The majority of endogenous ROS are produced through
respiration in the mitochondria while the endoplasmic reticulum (ER)
and several enzymes are additional ROS sources. In general most of the

enzymes that metabolize oxygen may produce ROS i.e. NADPH oxidase
(NOX), cytochrome P450 enzymes, lipooxygenases and cyclooxygenase.
Superoxide anions (0,), hydrogen peroxide (H,O,) and hydroxyl ra-
dicals (OH') are the most important cellular ROS [1]. Hydroxyl radicals
are released by metal storage proteins and heme groups while free
copper or iron ions are released from iron-sulphur clusters [3]. In-
tracellular ROS levels are important. Low levels may lead to cell pro-
liferation, differentiation and in general they can act as signaling
messengers, whereas high levels lead to cell death, apoptosis and se-
nescence as they affect all biological macromolecules such as lipids,
proteins and nucleic acids. Consequently, the regulation of cellular ROS
levels is highly important [2].

1.2. Redox signaling: major pathways involved

ROS are considered as important signaling messengers in the cell,
playing a key role in numerous pathways [4]. Nevertheless, when
oxidative stress occurs, cellular systems become dysfunctional and cells
are led to death. Upon mild or severe oxidative stress, many tran-
scription factors and signaling pathways are triggered, indicating that
ROS can promote alterations not only in the gene but also in the protein
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expression [5].

ROS are involved in the activation of several serine/threonine ki-
nases. There are two major examples; mitogen- activated protein ki-
nases (MAPKs) and protein kinase C (PKC). MAPKs include the extra-
cellular signal-regulated kinases (ERK), c-Jun N-terminal kinases
(JNKs) and p38 kinases that are involved in cell proliferation, differ-
entiation and apoptosis. It has been shown that mild oxidative stress has
a mitogenic effect through the activation of the growth factor receptor-
related ERK pathways. Under mild oxidative stress, p38 promotes mi-
totic arrest while upon severe oxidative stress JNK and p38 regulate
cellular apoptotis [6]. PKC is the other important serine/threonine ki-
nase that alters the expression of various genes during oxidative stress.
PKC is highly responsive to oxidative stress due to its numerous cy-
steines that can be modified by oxidants. It is involved in various
pathways such as cell death, growth and stress response [7].

Several transcription factors such as Nrf2 (Nuclear factor (erythroid-
derived-2) like-2), NF-kB (Nuclear factor-kappa B), tumor protein p53,
HIF-1 (Hypoxia inducible factor 1), FOXO (Forkhead box class O) and
AP-1 (Activator protein-1) are also affected by ROS. There are three
nuclear factor (erythroid-derived-2) related factors (Nrfs) namely Nrfl,
Nrf2 and Nrf3. Nrfl and Nrf2 have been shown to play a key role in
oxidative response. Nrf2 is a transcription factor that under normal
conditions is bound to Keapl (Kelch-like ECH Associated Protein 1) in
the cytoplasm, it is ubiquitinated by the E3 ligase complex, Keap1-Cul3-
Rbx-1 and degraded by the proteasome [8]. Under oxidative stress,
Keapl is modified and the E3 ligase complex is inactivated allowing
Nrf2 to accumulate and translocate to the nucleus where it hetero-
dimerizes with small Maf proteins (Musculoaponeuroticfibrosarcoma
proteins) to bind antioxidant-response elements (ARE), thus driving the
transcription of several protective genes including NQO-1 (NAD(P)H
quinoneoxidoreductase- 1), HO-1 (Heme Oxygenase 1), GSTs (Glu-
tathione S-Transferase), y-GCS (y-Glutamylcysteinesynthetase) and
several proteasome subunits. In that sense, Nrf2 and its inhibitor Keapl
are sensors of oxidative stress and Nrf2 promotes cell survival. Im-
pairment of Keapl and Nrf2 leads cells to reduced response or to
Nrf2overactivation [6]. Upon proteasome inhibition, Nrfl forms het-
erodimers with small Mafs on the ARE of proteasome subunits to pro-
mote their gene expression [9]. Under normal conditions, Nrfl is lo-
cated in the ER and degraded by the proteasome. In response to
proteasome inhibition, Nrfl is cleaved and thus gets activated and
translocated to the nucleus promoting the expression of proteasome
subunits [10]. In support, Nrfl knock out MEFs (Mouse embryonic fi-
broblasts) fail to produce proteasomes upon treatment with the pro-
teasome inhibitor YU101 [11]. DDI2 (DNA-damage inducible 1
homolog 2) has been found to be necessary for the activation of Nrfl.
Upon deletion of DDI2, an increase in the cytosolic form of Nrfl occurs
and production of proteasomes is reduced [12]. Surprisingly, protea-
somes are needed for Nrfl activation since Nrfl produces proteasomes
less effectively upon exposure to high concentrations of proteasome
inhibitors [13]. In Caenorhabditis elegans, SKN-1 (Skinhead-1; the or-
tholog of Nrfl/2/3) has a crucial role in response to oxidative stress by
promoting the expression of detoxifying genes and the expression of
proteasome genes upon proteasome inhibition [14]. It has been shown
that for SKN-1 activation following proteasome impairment a peptide-
N- glycanase and DDI1, a conserved aspartic protease, are required
[15]. Similar observations have been made in Saccharomyces cerevisiae
with the stress-regulated transcription factor Rpn4 governing the ex-
pression of proteasome genes in response to stress and proteasome in-
hibition [16].

NF-kB is a transcription factor that activates genes responsible for
cell growth, differentiation, inflammation and cell death [17]. NF-kB
can be activated by a variety of signals including ROS that are con-
sidered as second messengers involved in its activation via tumor ne-
crosis factor (TNF) and interleukin-1 [18].

P53 has an important impact on the cellular redox state. Under
normal conditions, p53 activates the expression of several antioxidant
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proteins, such as SESNI(mammalian sestrin homolog), SESN2, and
GPX1(glutathione peroxidase-1) while reduced p53 levels enhance ROS
production [19].

AP-1 is another transcription factor that is responsive to oxidative
stress driving the expression of genes involved in cell proliferation,
differentiation and apoptosis [20].

HIF-1 consists of HIF-1a and HIF-1p subunits. HIF-1[3 expression is
independent of O,whereas HIF-1a subunit is modulated by the relative
Oslevels. During hypoxia, HIF-la translocates into the nucleus and
dimerizes with HIF-1p subunit and p300/CBP or other coactivators
inducing the expression of genes that assist the cells to overcome the
hypoxic stress [21].

FOXO transcription factor can be activated by oxidative signals
through various mechanisms. For example, upon oxidative stress FOXO
is phosphorylated by JNK and Mst1 thus being translocated in the nu-
cleus and activated. FOXO may also get deacetylated by SIRT-1 (sirtuin-
1) upon oxidative stress thus acquiring enhanced activity and ex-
hibiting increased DNA binding activity [22]. Monoubiquitination en-
hances the activity of FOXO proteins whereas poly-ubiquitination
drives them to proteasome degradation [5].

The intensity of oxidative stress is crucial not only for the final
outcome and the cellular fate but also for the signaling pathway that
will be eventually modulated. For example during mild stress, Nrf2 is
activated transcribing antioxidant enzymes but when the intensity of
the stress is high, NF-kB, AP-1, MAPKs and HSF (heat shock factor) are
activated in order to transcribe antioxidant enzymes, inflammatory
proteins and heat shock proteins. Finally, under high oxidative stress
the cell is driven to death by necrosis and apoptosis; there is not specific
evidence regarding the pathway that mediates this response [2].

2. Proteasome system

Oxidative stress affects the correct function of cellular and mole-
cular mechanisms that assures cellular integrity, leading to homeostasis
deregulation. Proteostasis is highly disturbed upon oxidative stress with
the proteasome system playing a pivotal role.

2.1. Structure

Proteasomes are large protein complexes responsible for the proper
regulation of the cellular protein load. They constitute one of the main
cellular proteolytic mechanisms. The proteasome consists of catalytic
and regulatory subunits. The basic particle of the proteasome is the 20S
core, a barrel-shaped complex formed through the assembly of four
protein rings. The outer rings are identical and consist of seven different
a (alpha) regulatory subunits (;_7). The a-rings embrace two identical
inner rings that consist of seven different B (beta) catalytic subunits
(B1-7) [23]. Three ( subunits possess catalytic properties; 31 with cas-
pase-like activity (peptidyl-glutamyl-peptide-hydrolase), (2 with
trypsin-like activity and 35 with chymotrypsin-like activity [24].

The barrel-shaped 20S proteasome forms a gated channel through
which a limited number of peptides and proteins enter [25]. To alter the
gate conformation and allow the degradation of a wider range of pro-
teins (ubiquitinated, damaged and misfolded proteins), 19S regulatory
complexes bind onto the 20S proteasome. The assembly of one or two
19S regulatory complexes on either end of the core proteasome leads to
the formation of 26S or 30S complexes, respectively. The 19S reg-
ulatory complex consists of a “base” and a “lid” [26]. The base is the
component that is adjusted to the core and through its hexameric ring
of six AAA-ATPases (Rptl-6) can modify the conformation of the a-
gated channel. Four non-ATPases are also part of the 19S “base”. The
horseshoe-shaped “lid” is attached to the base and consists of nine non-
ATPases.
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