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Abstract

Cell cycle progression is regulated by a wide variety of external factors, amongst them are growth factors and extracellular matrix factors.

During the last decades evidence has been obtained that reactive oxygen species (ROS) may also play an important role in cell cycle

progression. ROS may be generated by external and internal factors. In this overview we describe briefly the generation of ROS and their

effects on processes that have been demonstrated to play an essential role in cell cycle progression, including such systems as signal

transduction cascades, protein ubiquitination and degradation, and the cytoskeleton. These different effects of ROS influence cell cycle

progression dependent upon the amount and duration of ROS exposure. Activation of growth factor stimulated signaling cascades by low

levels of ROS result in increased cell cycle progression, or, in case of prolonged exposure, to a differentiation like growth arrest. From many

studies it seems clear that the cyclin kinase inhibitor protein p21 plays a prominent role, leading to cell cycle arrest at higher but not directly

lethal levels of ROS. Dependent upon the nature of p21 induction, the cell cycle arrest may be transient, coupled to repair processes, or

permanent. At high concentrations of ROS all of the above processes are activated, in combination with enhanced damage to the building

blocks of the cell, leading to apoptosis or even necrosis.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cells are able to duplicate by a process known as the cell

cycle. This is one of the most fundamental properties of

living organisms, allowing the organisms to reproduce

themselves. Cell cycle research has gained enormous atten-

tion during the last decades, mainly because this knowledge

is of considerable importance in fighting cancer as well as

many other diseases. Knowledge on the regulation of cell
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cycle progression is also important for understanding em-

bryonal development and is essential in many applied

sciences. In general, cell cycle progression is regulated by

external factors, amongst them are nutrients and growth

factors. These external factors exhibit their effects on the

cells by an elaborate intracellular signal transduction net-

work, which ultimately results in progression through the

cell cycle or alternatively to cell cycle arrest, cell differen-

tiation or apoptosis. The features of the external cell cycle

regulators as well as the signal transduction networks they

activate have been subject of a wide variety of review

articles, in which many details are described (see for

instance: Heldin, 1996; Gutkind, 1998; Hulleman and

Boonstra, 2001; Hulleman and van Rossum, 2003).

During the last decades it has become clear that in

addition to the traditional cell cycle regulators as nutrients,

growth factors and hormones, also less traditional factors

may have an important impact on cell cycle regulation. Of

these latter the reactive oxygen species (ROS) are of special

interest. ROS are commonly thought to be toxic, resulting
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in oxidation of various cell constituents as DNA, lipids and

proteins and consequently these oxidations may cause

damage to the cellular machinery leading to cell death as

the ultimate consequence. ROS have been implicated in an

ever-increasing number of diseases and syndromes. These

include various forms of non-hormone dependent cancers,

atherosclerosis, ischemic reperfusion injury, neurodegener-

ative diseases, chronic inflammatory diseases, such as

rheumatoid and psoriatic arthritis, and some factors under-

lying the ageing process itself (Halliwell and Gutteridge,

1999; Ames et al., 1993b; Shackelford et al., 2000).

Whether ROS are the primary agents causing the disease,

or formed secondary as a consequence of some metabolic

disorder or environmental influence remains debatable and

to some extent a matter of perspective. Next to playing a

role in pathological conditions, evidence is now accumu-

lating that ROS might also play a role as signaling mole-

cules and as such they may have a role in cell cycle

progression. In this contribution we will consider the effects

of ROS in cells and describe the effects of ROS on cell

cycle progression.
2. Reactive oxygen species

Free radicals are molecules that contain one or more

unpaired electrons in their highest occupied atomic or

molecular orbital. Because electrons are more stable when

paired in orbitals, radicals are extremely reactive compared

with non-radicals. Based on this definition a compound such

as hydrogen peroxide can not be considered as a free

radical. However since, in the presence of transition metals,

H2O2 can easily give rise to the highly reactive hydroxyl

radical (OH.), in general one speaks of reactive oxygen

species (ROS) rather than only oxygen free radicals.

ROS cannot only be formed by exogenous sources, but

also by cells themselves, both actively and as a by-product

of relevant biological processes (Table 1). For instance,

phagocytic cells such as neutrophils and macrophages have
Table 1

Sources of reactive oxygen species (ROS)

Cellular

Mitochondrial respiratory chain

(NADPH)-oxidase complexes

Phagocytotic cells (ROS as part of defence system)

Other cells (ROS as 2nd messenger)

h-oxidation in peroxisomes

Prostaglandin synthesis (lipoxygenases and cycloxygenases)

Cytochrome P450 (detoxification reactions)

Non-cellular

Pollutants

Tobacco smoke

Iron salts

U.V. radiation

Ionizing radiation
a unique superoxide (O2
. �) producing system resulting in a

respiratory burst that is activated in acute or chronic

inflammation. The system producing O2
. � is a nicotinamide

adenine dinucleotide phosphate (NADPH)-oxidase complex

(Fig. 1) and the ROS produced play a crucial role in the

killing of microbes and neoplastic cells (Mackaness, 1970;

Adams et al., 1982). Other intracellular sources of ROS are

peroxisomes, the organelles responsible for oxidative me-

tabolism of long chain fatty acids, producing H2O2 as a

byproduct (Adams et al., 1982) and enzymes converting

arachidonic acid, such as lipoxygenases. Another important

source of endogenous production of ROS is the mitochon-

drial respiratory chain. Despite the fact that the mitochon-

drial electron transport chain is highly efficient, the nature of

the alternating one-electron redox reactions catalysed by the

mitochondrial complexes predispose each complex to side

reactions with molecular oxygen. A small percentage (1–

2%) of the electrons passing through the mitochondrial

electron transport chain leak out and combine with molec-

ular oxygen to form ROS (Halliwell and Gutteridge, 1990,

1999; Davies, 1995). Partial reduction of molecular oxygen

gives rise to species such as superoxide (O2
. �), hydrogen

peroxide (H2O2) and the hydroxyl radical (HO.), all of

which have been implicated in oxygen toxicity. Thus,

ROS production in general occurs primarily as a ubiquitous

byproduct of both oxidative phosphorylation and a myriad

of oxidases necessary to support aerobic metabolism. Ex-

ogenous ROS sources are pollutants, tobacco smoke, which

leads to a potent mixture of primarily nitrogen oxides (NO.)

and hydroxyl radicals (HO.) (Stone and Pryor, 1994;

Cosgrove et al., 1985), iron salts (Lauffer, 1992), diets

containing plant food with large amounts of natural phenolic

compounds (Gold et al., 1992), ultraviolet radiation (Cerutti,

1985), and ionizing radiation (Pollycove and Feinendegen,

2003) (Table 1).

Whatever their origin, ROS are formed in substantial

amounts in living cells and these highly reactive species can

damage a variety of biomolecules, such as lipids, proteins,

carbohydrates and nucleic acids. As a consequence the

majority of the effects of ROS on cells are a-specific,

depending on the localization, nature and concentration of

the ROS involved. The polyunsaturated fatty acids (PUFA)

in lipids are opportune targets for free radicals. When free

radicals react with lipid-PUFA, chain reactions generate

radicals in profusion, which results in alteration of mem-

brane permeability, modification of lipid–protein interac-

tions, and the formation of bioactive degradation products

(Halliwell and Gutteridge, 1990, 1999; Davies, 1995; Rice-

Evans and Burdon, 1993; Leonarduzzi et al., 2000). Proteins

can be oxidatively modified, resulting in increases in the

level of protein carbonyls (Levine, 2002), oxidized methio-

nines (Stadtman and Levine, 2003) and/or cysteines (Stadt-

man, 2001; Davies, 2000), protein hydrophobicity (Meucci

et al., 1991), cross-linked proteins (Squier, 2001) and

glycated proteins (Baynes, 2001). These modifications

might result in catalytically less active enzymes that are



Fig. 1. Schematic representation of the major players of the cellular anti-oxidant network. The superoxide anion (O2
.�) is dismutated by superoxide dismutase

(SOD), present in mitochondria and the cytosol. The produced H2O2, which could give rise to the formation of the extremely noxious hydroxylradical, can be

neutralized by catalase (in the peroxysomes) and by the cytosolic and mitochondrial glutathione peroxidase (GPx). The latter enzyme removes H2O2 by

oxidizing glutathione (GSH) to GSSG, which is subsequently reduced to its original from by Glutathion Reductase (GR), at the expense of NADPH. A second

form of GPx can reduce more complex hydroperoxides, such as lipid-hydroperoxides (LOOH). Low molecular weight antioxidants or scavengers, such as

tocopherol, ascorbate and glutathione, can neutralize radicals (for instance the peroxylradical (LOO
.
) and other radicals (R

.
)) and are often subsequently

regenerated by one or more other antioxidants (AOX and GSH). Tocopherol (Toc) is an AOX that resides in cellular membranes (green circle), whereas other

AOXs, such as ascorbate and GSH, are located in the cytosol. For an extensive review of the cellular antioxidant network one is referred to Halliwell and

Gutteridge, 1999.
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more susceptible to proteolytic degradation, although the

oxidation of methionines and cysteines is reversible (Stadt-

man, 2001; Davies, 2000; Stadtman and Levine, 2003). Of

the different cell organelles specifically the Enodoplasmic

Reticulum resident proteins seem to be most prone to

oxidative damage (Van der Vlies et al., 2003). DNA is also

a target of ROS and oxidative damage to DNA might result

in mutagenesis (Ames et al., 1993a,b; Wilson et al., 2003;

Cooke et al., 2003). Clearly, if cells were unprotected

against ROS major damage to all cellular components

would frequently occur.

At the cellular level an extensive defense system against

ROS has been evolved, antioxidants are the first line of

defense against ROS. They comprise of enzymes, such as

superoxide dismutase, catalase and glutathione peroxidases,

which complete the reduction of ROS to water (Fig. 1). Next

to this, small molecules, as vitamins E and C, complement

the antioxidant enzymes and they are either synthesized by

cells and tissues or absorbed from diet. They are capable of

neutralising ROS and can be regenerated by the cellular

anti-oxidant network, in which both enzymatic and non-

enzymatic antioxidants take part (Halliwell and Gutteridge,

1999).
When the first line of defense fails various enzymes

repair oxidatively damaged molecules. Oxidised lipid

bilayers become better substrates for phospholipase

enzymes. Phospholipase A2 (PLA2) has been shown to

preferentially hydrolyse fatty acids from oxidised liposomes

(Van den Berg et al., 1993; Rashba-Step et al., 1997; Van

Rossum et al., 2004). There is considerable evidence that

oxidatively modified proteins are recognized via carbonyl

(Stadtman, 1998) and dityrosine (Giulivi and Davies, 1993)

functions or by poly-ubiquitination (Iwai et al., 1998) and

degraded proteolytically by proteases, including a Ca2 +-

dependent protease, acid protease (cathepsin B) and the

multicatalytic protease, i.e. the 20s proteasome (Stadtman,

1998; Grune and Davies, 1997). Despite the cellular anti-

oxidant system oxidative damage to DNA by ROS alone is

estimated to amount to f 10,000 hits per cell per day in

healthy humans and up to 100,000 hits in the rat (Ames et

al., 1993a). Direct repair of DNA hydroperoxides by gluta-

thione peroxidase has been reported from in vitro studies

(Demple and Harrison, 1994; Kanno et al., 1999). Next to

this, the base excision repair pathway results in the excision

of the oxidized base and repair of the DNA (reviewed by

Wilson et al., 2003). So in general once a molecule is
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oxidatively damaged beyond repair, it can be completely

degraded and replaced via de novo synthesis. A third line of

defense is the induction of apoptosis to remove severely,

irreversibly damaged cells in a well-controlled manner.
3. Regulation of cell cycle progression

In virtually all cells, the cell cycle is composed of four

discrete phases, being the DNA synthesis phase (S phase),

the cell division phase (M phase) and the gap phases

between these two, the G1 phase between M and S phases

and the G2 phase between S and M phases (Fig. 2).

Progression through the cell cycle is dependent upon the

integration of a large number of intra- and extra-cellular

signals that integrate also with intrinsic genetic controls,

resulting in several checkpoints in different phases of the

cell cycle. These checkpoints include the so-called DNA

damage checkpoints: S-checkpoint at G1/S en M-check-

point at G2/M. At these check points the progression

through the cell cycle can be arrested to enable the cell to

repair DNA upon damage caused by irradiation or chem-

icals. During M phase checkpoints have been identified in

which the proper passage through mitosis is controlled, such

as the attachment of all chromosomes to the mitotic spindle:

Sp checkpoint. Of special interest are the checkpoints in G1

phase, which are regulated by external factors, such as

growth factor- and cell attachment factors. In these check-
Fig. 2. Overview of the cell cycle of mammalian cells. The mammalian cell

cycle basically consists of four phases: first gap phase (G1), DNA synthesis

(S), second gap phase (G2) and mitosis (M). The transition between the

different phases is regulated by cyclin/CDK complexes. Different cyclins

(A,B,D,E) are present during different cell cycle phases and interact with

different CDKs. G0 is the quiescent state., R is the restriction point defined

as the point in the G1 phase after which the cells are independent from

external factors for progression of the remainder of the cell cycle. S, M and

Sp are checkpoints as described in the text.
points the decisions are taken whether the cells continue to

progress through the cell cycle, arrest in the quiescent phase

(G0), differentiate or undergo apoptosis (for review see

Boonstra, 2003a,b).

During the last decades a wealth of knowledge has

become available that gives insight in the molecular mech-

anisms that control cell cycle regulation. Cyclins and their

partners the cyclin dependent kinases (CDKs) constitute the

basis of these molecular mechanisms. A number of excellent

reviews has appeared and describe the mechanisms by

which cyclin-CDK activity is regulated in different cell

cycle phases (amongst many others: Pines, 1995; Schafer,

1998; Nigg, 1995; Ekholm and Reed, 2000; Norbury and

Nurse, 1992; Bird, 2003).

Cyclins are activating subunits that interact with specific

CDKs to regulate their activity and substrate specificity.

CDKs are serine/threonine protein kinases that require bind-

ing of a cyclin in order to be ready to become activated.

Mammalian cells contain multiple CDKs that are activated

by multiple cyclins (reviewed amongst others in Reed et al.,

1994; Pines, 1995; Roussel, 1998; Schafer, 1998; Bird,

2003). CDK activity is regulated by several processes,

including phosphorylation on threonine and tyrosine resi-

dues; some of these phosphorylation steps being stimulatory,

others inhibitory (Obaya and Sedivy, 2002; Bird, 2003). The

most important mammalian cyclin-CDK complexes known

so far are the mitotic cyclins A and B in association with

CDK1, and the G1 cyclins D and E in complex with CDK 4/

6 and CDK2 (Nigg, 1995; Reed, 1997; Arellano and Mor-

eno, 1997; Sherr, 1995). The first cyclin-CDK complex, to

be activated during the G1 phase, is composed of a D-type

cyclin in association with CDK4 or CDK6 depending on the

cell type (Sherr, 1995). As cells progress through the G1

phase, cyclin E is synthesized with a peak late in G1. Cyclin

E associates with CDK2 and is important for entry into S

phase (Ohtsubo et al., 1995). Once cells enter S phase, cyclin

E is degraded and CDK2 then associates with cyclin A

(Fotedar and Fotedar, 1995). Finally, cyclin A and the B-type

cyclins associate with CDK1 to promote entry into mitosis.

Cyclin A binds to CDK1 with a peak of activity in G2 phase

and is then suddenly degraded, whereas entry into mitosis is

triggered by cyclin B-CDK1 (Fig. 2). For exit from mitosis,

cyclin B destruction is required (Murray, 1995).

An important strategy employed in cell cycle regulation

is that one regulatory molecule stimulates one cell cycle

phase and inhibits simultaneously another. Thus for example

cyclin-CDK activities required for G1/S phase transitions

inhibit the G2/M phase transition. This strategy ensures that

cell cycle progression is irreversible. This irreversible char-

acter of cell cycle progression is even reinforced by ubiq-

uitin-mediated proteolysis of cyclins once a checkpoint has

been passed (Koepp et al., 1999). Cyclins all contain a

PEST sequence, which is recognized by the appropriate

Fbox protein and targets them for ubiquitination and sub-

sequent proteolytic degradation (Schafer, 1998; King et al.,

1996).
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In addition, cell cycle progression has been demonstrated

to be largely dependent on the activity of CDK inhibitor

proteins (CKI) (Tyner and Gartel, 2003). Based on their

structures and affinities two families of CKIs have been

identified. Members of the Cip/Kip family inhibit CDK2

while members of the INK family inhibit CDK4 and CDK6

(for detailed information, see Tyner and Gartel, 2003; Sherr

and Roberts, 1999; Vidal and Koff, 2000). The Cip/Kip

CKIs may positively and negatively regulate cyclin/CDK

complexes by promoting their assembly and/or stabilization,

and inhibiting their activities (see Tyner and Gartel, 2003).

The INK4 CKIs inhibit CDK4 directly by binding and

CDK2 indirectly by displacing Cip/Kip proteins from cyclin

D containing complexes. The displaced Cip/Kip proteins are

then able to bind CDK2 and inhibit its activity (see Tyner

and Gartel, 2003).

One of the most important G1 phase cyclin/CDK sub-

strates in mammalian cells is the product of the retinoblas-

toma tumor suppressor gene (pRB) (Yee and Wang, 2003).

pRB is phosphorylated in a cell cycle dependent manner and

binds in the hypophosphorylated state to transcription fac-

tors, particularly members of the E2F family. E2F consists

of at least five different isoforms that form heterodimers

with a second group of proteins known as DP1 (Yee and

Wang, 2003). pRB is present in this hypophosphorylated

form during early G1 and becomes phosphorylated on

several residues during mid to late G1. This phosphorylation

causes the release and activation of the E2F transcription

factors, allowing transcription of genes that mediate pro-

gression through S phase (DeGregori et al., 1995). Initial

activation of pRB is thought to occur in the G1 phase by

phosphorylation by cyclin D/CDK complexes. Dtype

cyclins can bind directly to pRB in the absence of a kinase,

and thus might target the pRB to CDK4/CDK6 kinases.

After the initial phosphorylation by cyclin D/CDK, cyclin E/

CDK2 complexes are thought to subsequently phosphory-

late pRB late in G1, thereby triggering the onset of S phase

(DeGregori et al., 1995).

Another important protein involved in cell cycle regula-

tion is p53. Under normal conditions the levels of p53

protein are low due to the relatively short half-life of the

protein. However, intracellular and extracellular stress sig-

nals can induce the stabilization and activation of p53

(Levine, 1997; Cinti et al., 2003). The activation of p53

leads to the transcription of several genes whose products

can influence cell cycle progression, such as the CKI

p21Cip1/WAF1. Of special interest appears the increase of

p53 activity upon DNA damage, resulting in cell cycle arrest

and subsequent DNA repair (Cinti et al., 2003).

Cell cycle progression of mammalian cells is determined

to a large extent on extracellular signal molecules as growth

factors, and to attachment to the extracellular matrix com-

ponents (for review see Hulleman and van Rossum, 2003;

Hulleman and Boonstra, 2001; Juliano, 2003). Interestingly

these extracellular signal molecules exert their effect on the

cells primarily during the G1 phase of the cell cycle. Growth
factors bind and activate either receptors with an intrinsic

protein tyrosine kinase activity or receptors that transmit

signals to the cytoplasm by interacting with GTP-binding

proteins (G-proteins). Activation of these receptors subse-

quently results in the activation of intracellular signal

transduction networks, which ultimately result in cell pro-

liferation. These networks include the MAP kinase pathway,

amongst others, and this pathway has been demonstrated to

play an essential role in progression through the G1 phase of

the cell cycle (Hulleman et al., 1999; Hulleman and van

Rossum, 2003).
4. ROS and cell cycle progression

ROS cause a wide range of adaptive cellular responses

ranging from transient growth arrest to permanent growth

arrest, to apoptosis or to necrosis, dependent on the level

of ROS. These responses to allow organisms to remove

damage caused by ROS or allow organisms to remove

damaged cells. In addition however, low levels of ROS

have been demonstrated to cause an increase in cell cycle

progression, in this latter case ROS have usually an

endogenous origin (Martindale and Holbrook, 2002;

Davies, 2000). In the following sections we will discuss

the effects of ROS on various cellular processes involved

in cell cycle control.

4.1. Effect of ROS on signal transduction

Although the biological production of oxygen free rad-

icals has been known for a long time, the effects of

oxidative stress on signal transduction and cellular func-

tioning have only been studied widely for the last decade.

4.1.1. ROS and phosphorylation/dephosphorylation

pathways

Various studies have established that oxygen free radicals

can cause the phosphorylation and activation of numerous

signaling proteins (Finkel and Holbrook, 2000), including

Receptor Tyrosine Kinases (RTK) (Gamou and Shimizu,

1995; González-Rubio et al., 1996), PKC (Gopalakrishna

and Jaken, 2000), PLCg1 (Schieven et al., 1993), Src

kinases (Aikawa et al., 1997; Hardwick and Sefton, 1997),

MAPKs (Dérijard et al., 1994; Stevenson et al., 1994; De

Wit et al., 1998; Bapat et al., 2001), protein kinase B (Wang

et al., 2000), and transcription factors (Devary et al., 1991;

Meyer et al., 1993). As an example the effects on the RTK

and MAPK pathway will be discussed. Exposure of cells to

ONOO� or H2O2 induces phosphorylation of the PDGF

receptor and the EGF receptor (Gamou and Shimizu, 1995;

González-Rubio et al., 1996; Knebel et al., 1996; Zhang et

al., 2000) suggesting that oxygen free radicals initiate

signaling events that mimick those induced by growth

factors. This was confirmed by the observation that the

H2O2-induced Tyr phosphorylated EGF receptor forms a
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complex with downstream signaling molecules as Shc, Grb2

and Sos in vascular smooth muscle cells, followed by the

activation of p21ras (Rao, 1996). Also the oxidative stress-

induced phosphorylation and activation of the Ser/Thr

kinase Raf-1, a downstream effector molecule of p21ras,

has been described in several cell types as well (Kasid et al.,

1996; Abe et al., 1998). Other studies have established that

oxidative stress induces the phosphorylation and activation

of MAPKs (Guyton et al., 1996; Lander et al., 1996; Peus et

al., 1999a; Dérijard et al., 1994; Stevenson et al., 1994;

Zhang et al., 2000; De Wit et al., 1998; Bapat et al., 2001).

Activation of p42/p44MAPK by ROS might be due to

direct phosphorylation of the upstream kinase MEK, for

instance by exposure of cells to ONOO� (Zhang et al.,

2000). On the other hand, activation of p42/p44MAPK by

H2O2 has been shown to be mediated by the activation of

the RTK, PKC, Raf-1 and MEK (Abe et al., 1998),

indicating that different ROS might have different targets.

Also, the same ROS may have different effects in different

cell types, since the activation of MAPK by ONOO� in

Rat-1 fibroblasts is MEK-independent (Bapat et al., 2001).

Activation of MAPKs by oxygen free radicals has been

shown to result in subsequent activation of transcription

factors and induction of c-fos and c-jun expression (Schreck

et al., 1991; Schmidt et al., 1996; Buscher et al., 1988;

Devary et al., 1991; Rao, 1997). This oxidant-induced

MAPK activation might be involved in the cellular response

to oxidative stress and many studies have indicated that

(pharmacological) inhibition of the p42/p44MAPK pathway,

PI3-K/AKT and/or the PLC-g pathway rendered cells more

susceptible to hydrogen peroxide. In line with this, molec-

ular cell biological approaches leading to increased activity

of these pathways enhance survival upon oxidative stress

(reviewed by Holbrook and Ikeyama, 2002).

The effects of oxygen free radicals on signal transduction

might be based on normal cell physiology. A variety of

ligands, including tumor necrosis factor-a (Meier et al.,

1989), interleukin-1 (Meier et al., 1989), transforming

growth factor-h1 (Ohba et al., 1994), PDGF (Sundaresan

et al., 1995), and EGF (Bae et al., 1997), have been

demonstrated to result in an increase of ROS upon receptor

activation. The generation of oxidants by ligand-receptor

interactions resulted in stimulation of signaling molecules

and therefore, ROS can be considered to serve as physio-

logic second messengers in signal transduction. The pre-

dominant ROS produced upon EGF and PDGF stimulation

appeared to be H2O2 (Sundaresan et al., 1995; Bae et al.,

1997, 2000; Peus et al., 1999b) and elimination of H2O2 by

incorporation of catalase was shown to inhibit EGF-induced

Tyr phosphorylation of various signaling proteins including

the EGF receptor (Bae et al., 1997). In addition, it was

shown that EGF-induced H2O2 production required intrinsic

RTK activity, but probably not the C-terminal autophos-

phorylation sites of the EGF receptor (Bae et al., 1997). As a

source for the RTK induced ROS production a membrane

bound NADPH oxidase is proposed, which, upon activation
via the small GTPase Rac1 catalyzes the formation of O2
. �

(Bae et al., 1997, 2000; Chiarugi and Cirri, 2003).

Both the activation of Tyr kinases and the inactivation of

Tyr phosphatases (PTPs) have been proposed to be involved

in the activation of signaling cascades by ROS. In the last

few years, several studies have shown that exposure of cells

to H2O2, UV radiation or O2
. � causes the (reversible)

inactivation of different PTPs, including LMW-PTPs,

RPTPa, PTP1B and PTP1C (Sullivan et al., 1994; Caselli

et al., 1998; Barrett et al., 1999; Groß et al., 1999).

Furthermore, stimulation of A431 cells with EGF resulted

in a reversible inactivation of PTP1B (Lee et al., 1998). The

PTPs that are affected by ROS all seem to share the same

catalytic mechanism with a central catalytic Cys. Since SH

groups are sensitive to oxidation, increased phosphorylation

of signaling proteins by ROS are most likely accomplished

by reversible inactivation of PTPs via oxidation of essential

SH groups within their active site Cys (Lee et al., 1998;

Chiarugi and Cirri, 2003), thereby assuming that the cell

maintains spontaneous Tyr kinase activity (Knebel et al.,

1996). These studies suggest that ROS, either generated

intracellularly in response to EGF or added extracellularly,

act as second messengers in signal transduction and activate

signaling pathways by the same mechanisms.

Recently it was shown that not only the activation of

Tyrosine Kinase receptors results in an increase in cellular

ROS production, but also the activation of integrins leads to

ROS production (Honore et al., 2003; Chiarugi et al.,

2003).This ROS production is suggested to be mediated

by cytosolic lipoxygenase and is an essential mediator for

cell adhesion by oxidative inhibition of FAK tyrosine

phosphatase (Chiarugi et al., 2003). Activation of the

a2h1-integrin receptor in CaCo-2 cells by collagen IV, in

the absence of soluble growth factors, resulted in the

production of ROS and subsequent cell cycle progression

(Honore et al., 2003).

4.1.2. ROS and ubiquitin pathway

As stated earlier, ubiquitin mediated degradation of the

cyclins plays an important role in cell cycle regulation and

for that reason it is important to know how oxidative stress

affects the ubiquitination system and the subsequent pro-

teosomal degradation of the ubiquitinated proteins. Expo-

sure of bovine retina cells or bovine lens epithelial cells to

H2O2 results in a rapid and dose-dependent loss of endog-

enous ubiquitin-protein conjugates and was consistent with

reductions in ubiquitin-activating enzyme (E1) and ubiqui-

tin-conjugating enzyme (E2) activities (Shang and Taylor,

1995; Jahngen-Hodge et al., 1997). Oxidative stress results

in oxidation of glutathione (GSH), leading to the formation

of GSSG and subsequent formation of mixed disulfides

between glutathione and the cysteines of several proteins

(Fratelli et al., 2003). Indeed the decreased E1 and E2

activities were inversely related with the cellular ratio of

GSSG:GSH and therefore, it was proposed that increases in

the cellular ratio of GSSG:GSH resulted in a rapid S-
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thiolation of E1 and E2 active-site sulphydryls by GSSG

(Jahngen-Hodge et al., 1997; Obin et al., 1998). H2O2 also

prevented in a reversible manner ubiquitination of the EGF

receptor and EPS 15, which again coincides with a revers-

ible increase in the ratio of GSSG:GSH (De Wit et al.,

2001). The formation of the mixed disulfides is reversible

and restoration of the GSSG:GSH ratio upon recovery from

the oxidative stress will result in restoration of the free SH

group of the cystein(s) involved. Accordingly, H2O2 treat-

ment resulted in a sustained expression of cyclins D1 and

D2, caused by a transient inhibition of the ubiquitination

process and/or the proteasome activity (Martı́nez Muñoz et

al., 2001). Not only the ubiquitination process, but also the

proteasome itself was inhibited by oxidative stress (Rein-

heckel et al., 1998; Szweda et al., 2002).

Next to an inhibition of the ubiquitination pathway, due to

the immediate effect of ROS via GSSG, an increase in

certain ubiquitin conjugating enzymes is observed during

prolonged incubations. The increased activity of these

enzymes in skeletal muscle cells occurred 4 hours after the

application of H2O2 and needed both transcriptional and

translational activity, suggesting that oxidative signaling

induces a subset of redox sensitive genes coding for ubiq-

uitin and ubiquiting conjugating enzymes (Li et al., 2003).

4.1.3. ROS and the cytoskeleton

Activation of growth factor receptors results amongst

others in a reorganization of the actin cytoskeleton, resulting

in altered cell morphology and the recruitment of signaling

molecules to specific sites in the cells (Diakonova et al.,

1995). Also during the G2/M/G1 transition major changes

occur in cell morphology as a consequence of changes in the

actin microfilament system. The changes in the actin cyto-

skeleton occurring during the flattening of the rounded M

phase cells, is clearly inhibited by H2O2 (Martı́nez Muñoz et

al., 2002). The way ROS affect the actin microfilaments

may occur indirectly via the activation of the above men-

tioned signal transduction pathways (Huot et al., 1997; Irani

and Goldschmidt-Clermont, 1998; Dalle-Donne et al., 2002)

or directly via the formation of S-thiolation of actin (Wang

et al., 2001; Chai et al., 1994; Dalle-Donne et al., 2002).

The latter paper showed that glutationylation of actin by

GSSG strongly decreases the actin polymerization rate.

There are clear indications that endogenously produced

ROS, again via NADPH oxidases, stimulated by Rac, are

important mediators of actin cytoskeleton remodeling (Irani

and Goldschmidt-Clermont, 1998; Moldovan et al., 1999).

Also microtubules are affected by oxidative stress and PKC-

y is required for oxidant induced loss of microtubule

cytoskeletal assembly (Banan et al., 2002).

4.2. Effect of ROS on regulators of cell cycle progression

As described above, controlled cell cycle progression

requires the precise integration of many different processes

in cells, including the signal transduction cascades activated
by mitogens and the extracellular matrix, the ubiquitination

processes and subsequent degradation of proteins in the

proteasome and the proper (re-)organization of the cyto-

skeleton, in particular actin and tubulin, amongst many

others. Since it has been demonstrated that ROS influence

many of these processes, it is obvious that ROS influence

cell cycle progression. The ultimate/specific effect of ROS

on cell cycle progression is however difficult to predict due

to the complex nature of the effects of ROS on different

cellular processes. This includes the complex nature of the

molecular network that regulates cell cycle progression, the

site in the cell where ROS is produced, and the type of ROS

produced.

One of the first observations of the cellular response to

oxygen-induced cytotoxicity was decreased proliferation in

HeLa cells (Rueckert and Mueller, 1960). Several studies

since then have demonstrated that hyperoxia induces inhi-

bition of proliferation in G1, S and G2 phases of the cell

cycle (Rancourt et al., 1999; Shenberger and Dixon, 1999;

Helt et al., 2001; Rancourt et al., 2001). Recent studies

indicate that the arrest in G1 phase is related to protection of

cells against oxidative damage and cell death (Rancourt et

al., 2002). In other studies it was shown that sublethal doses

of H2O2 induced senescence-like permanent cell cycle arrest

in G1 phase in human fibroblasts (Chen et al., 1998; 2000).

In contrast, sublethal doses of H2O2 caused a transient arrest

in NIH 3T3 fibroblasts (Barnouin et al., 2002). In this latter

case cells were arrested in all phases of the cell cycle, except

for the M phase. A decrease in cell cycle progression due to

H2O2 was also observed in CHO cells when H2O2 was

added to the cells during the M phase (Martı́nez Muñoz et

al., 2002). In these cells the cell cycle inhibition was

accompanied by inhibition of cell spreading, focal adhesion

formation and stress fiber formation during early G1 phase.

Furthermore, H2O2 caused a reversible inhibition of the

ubiquitin-proteosome dependent degradation of cyclin D1

and D2 in HER14 fibroblasts (Martı́nez Muñoz et al., 2001).

Exposure of the oligodendrocyte cell line CG4 to various

amounts of H2O2 resulted in stimulation of the PGDF

receptor kinase and various MAP kinase pathways including

ERK, p38 MAPK and c-Jun N-terminal kinase (JNK) and in

cell death (Bhat and Zhang, 1999). In contrast, H2O2

generation by PDGF was involved in tyrosine phosphory-

lation and mitogenesis in vascular smooth muscle cells

(Irani et al., 1997). Apparently, both cell proliferation and

growth arrest have been observed after oxidative stress,

dependent upon the cell type, while the growth arrest may

occur in G1, S or G2 phases and may be transient or

permanent and in the latter case may end with apoptosis

or even necrosis.

However, despite the complex nature of the effects of

ROS on cell cycle progression at moderate ROS concen-

trations, a common component seems to play an important

role (see Fig. 1). This common component appears the

induction of the cyclin kinase inhibitor p21Cip1. p21Cip1

belongs to the family of Cip/Kip proteins which contains a
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conserved region of sequence at the amino acid terminus

that is required and sufficient for the inhibition of cyclin/

CDK complexes. Although initially identified as a CDK

inhibitor, p21 has been also demonstrated to stabilize

interactions between cyclin D and CDK4 and thus promote

the formation of active complexes (LaBaer et al., 1997).

Expression of p21 is induced following DNA damage and

detected in differentiated cells and is induced by a number

of mitogenic stimuli (Tyner and Gartel, 2003). In addition

p21 contains a carboxy terminal binding site for proliferat-

ing cell nuclear antigen (PCNA), and by this interaction p21

is able to block DNA synthesis by DNA polymerase y.
Several studies have suggested that p21 regulates DNA

repair by its interaction with PCNA and with cyclin-CDK

complexes, although its precise role has not been established

(Tyner and Gartel, 2003). Of particular interest appears the

recent observation that p21 is involved in the organization

of the actin microfilament system by inhibiting the Rho

kinase (Lee and Helfman, 2004). p21 expression has been

demonstrated to be regulated at the transcriptional level by

both p53-dependent and -independent mechanisms, and at

the post-transcriptional level by both ubiquitin-dependent

and -independent proteasomal mediated degradation (for

review, see Tyner and Gartel, 2003). The p53-dependent

induction of p21 has been related usually to DNA damage.

DNA strand breaks lead to the activation of ATM, a PI3

kinase related kinase. ATM on its turn results in the

activation and stabilization of p53, which in turn induces

p21 (Cinti et al., 2003). In addition to p53, a number of

transcription factors have been demonstrated to cause p21

transcription, including Sp1, Sp3, Ap2, STATs, C/EBPa, C/

EBPh and others (for review, see Gartel and Tyner, 1999;

Lavrovsky et al., 2000).

Studies using SV40-immortalized rat type II pulmonary

epithelial cells revealed that oxygen-induced inhibition of

cell proliferation was associated with induction of trans-

forming growth factor (TGF) h1 and p21Cip1 (Corroyer et

al., 1996). Furthermore, treatment of HELA cells with

diethylmaleate (DEM), a glutathione-depleting agent,

resulted also in induction of p21 (Esposito et al., 1998).

Sublethal doses of H2O2 caused a transient arrest in NIH

3T3 fibroblasts which was associated with a decrease of

cyclin D1 and cyclin D3 expression and a concomitant

increase in p21Cip1 expression (Barnouin et al., 2002). An

increase in p21 expression and a G1 phase arrest was also

found in murine lung cells during hyperoxia (McGrath,

1998). Furthermore it was demonstrated that nitric oxide

caused a G1 phase arrest in human pancreatic carcinoma cell

lines, again accompanied by an increase in p21 expression

(Gansauge et al., 1998). This G1 arrest was followed by

apoptosis. In contrast a reversible cell cycle inhibition upon

exposure of human hepatocellular carcinoma cells to nitric

oxide was observed, also accompanied with increased

expression of p21 (Esumi et al., 1997). Nitric oxide caused

a G1 arrest with elevated levels of p21 in vascular smooth

muscle cells. In these cells an inhibition was determined of
CDK2 activity and of RB phosphorylation (Ishida et al.,

1997).

Upregulation of p21 has been demonstrated to cause

senescence in various cell types and that process was

inhibited by antioxidants (Macip et al., 2002). The role of

p21 in ROS was shown to be independent of the PCNA and

cyclin related functions of p21 (Macip et al., 2002). In

human fibroblasts an increase in endogenous ROS, caused

by the reduction of GSH by diethylmaleate, induced the

expression of p21Cip1 and subsequent G1 arrest (Russo et

al., 1995). In T47D-H3 human carcinoma cells, which

contain mutated p53, an S-phase arrest was observed after

hypoxia, associated with acute inhibition of CDK2 activity

and DNA synthesis (Bilodeau et al., 2000). This cell cycle

arrest was prevented by an increase of the peroxide scav-

enging capacity via glutathione peroxidase-1 (Bilodeau et

al., 2002). Hyperoxia (95% O2, 5% CO2) caused an increase

in p53 expression and p53 phosphorylation and p21 mRNA

and protein expression and cell cycle arrest in HCT116

colon carcinoma cells. In contrast no effects on p21 expres-

sion was observed in either p53- or p21-deficient cells,

indicating the essential role of p53 in p21-induced cell cycle

arrest. Furthermore, the cells containing p21 were demon-

strated to resume proliferation after recovery, in contrast to

p21 deficient cells (Helt et al., 2001).

Several studies have demonstrated that ROS caused a

G2/M arrest (Thorn et al., 2001; Chung et al., 2002; Zhang

et al., 2001, 2003; Bijur et al., 1999). In these cases

elevation of ROS was demonstrated to result in p53-inde-

pendent accumulation of p21, in an increase in expression of

Chk1 and decrease in Cdc25c. This latter phosphatase

causes dephosphorylation of cdc2 under normal conditions

and hence an activation of the mitotic cyclin-CDK com-

plexes. This effect of ROS during G2 phase was accompa-

nied by an increase in both ERK and p38 phosphorylation

(Zhang et al., 2003). Furthermore, the effects of ROS on

p21, Chk1 and Cdc25d expression was shown to be depen-

dent on both ERK and p38 activity (Zhang et al., 2003).

The brief description of the effects of ROS on cell cycle

progression clearly indicates that p21 plays a prominent

role. In this respect especially the AP-1 and Sp1-mediated

induction of p21 is of interest. The transcription factor AP-1

consists of 2 subunits, at least one of them is a member of

families of DNA-binding proteins Jun or Fos (for review,

see Eferl and Wagner, 2003). The other subunit of AP-1 can

be a member of the activation transcription factor (ATF)

family. The subunit composition determines the affinity of

AP-1 to the operator DNA sequence and hence its interac-

tion with other transcription factors and the final activity.

AP-1 is activated by various effectors, including growth

factors, cytokines, hormones and oxidative stress, amongst

many others. ROS activates AP-1 through the activation of

JNK, this kinase phosphorylates and activates c-Jun and

ATF-2 components of AP-1. Sp1 is also a transcription

factor that has been demonstrated to be influenced by

oxidative stress and which is able to induce p21 (Eferl
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and Wagner, 2003; Kim et al., 2003). In addition, ROS

cause also activation of ERK (see above) which on its turn

results in activation of the transcription factors c-Ets and c-

Elk. These two transcription factors are required for expres-

sion of c-fos and JunB, which are also constituents of AP-1

(Turpaev, 2002). Thus in many cases ROS induce AP-1

activity leading amongst others to the expression of p21.

Clearly these effects are independent of p53 and of the

PCNA-binding property of p21.

As described above, ROS have a multitude of effects on

signal transduction and cell cycle progression, the ultimate

effect depending upon the amount of ROS, the type of

reactive oxygen species, the duration of exposure of the

cells to ROS and to the cell type involved. Considering

these variables, the following picture, as shown in Fig. 3,

emerges from these studies. We suggest that short exposure

of non-proliferating cells to relatively low doses of ROS

results in an activation of signal transduction pathways

comparable to the effects of mitogens, and these low doses

of ROS may cause a proliferation of these non-proliferating

cells. If proliferating cells are exposed to such low doses

ROS for a short time, the proliferation rate may increase. If

proliferating cells are exposed to relatively low doses of
Fig. 3. Scheme, representing the multitude of effects that ROS can have on signal

effects depend on the amount of ROS and the duration of exposure of the cells t

enhancement of signal transduction pathways leading to (enhanced) cell proliferatio

activation of these signal transduction pathways, comparable to the effects of diffe

and possibly depending on the cellular localization of the ROS, damage to DNA

expression of p21. During the subsequent cell cycle arrest DNA repair will occu

expressed due to the AP-1 or Sp1 sites, which are redox sensitive, resulting in a tran

due to increase concentrations or prolonged exposure, all changes described above

these conditions, cells will arrest in all phases of the cell cycle, especially in the G1

cells may directly undergo necrosis.
ROS for a prolonged period of time, the signal transduction

pathways are activated for a long period of time as well, and

this situation seems comparable to the effects of differenti-

ation factors, such as the nerve growth factor. Sustained

activation of signal transduction, as has been demonstrated

for the MAPK pathway, results in arrest of cell proliferation

in the G1 phase of the cell cycle and a sustained expression

of some of the cyclin D isoforms. Such a G1 arrest has been

demonstrated to occur in cells subjected to prolonged

exposure of ROS. Depending upon the cellular localization

of the ROS, increased amounts of ROS may cause damage

of DNA, which will result in induction of p53 activity and

consequently in expression of p21. In these cases cell

proliferation will be stopped in all phases of the cell cycle

and during this arrest DNA repair will occur after which cell

proliferation will resume. Alternatively, exposure to in-

creased amounts of ROS may also result in a p53-indepen-

dent expression of p21, due to the AP-1 or Sp1 site of the

p21 promoter, which is redox sensitive. A recovery of the

cellular redox state will eventually result in normalization of

p21 levels and allow the cells to escape from the transient

cell cycle arrest. Prolonged activation of AP-1 will cause the

cells to arrest their cell cycle in all cell cycle phases. If the
transduction and cell cycle progression. For a given cell and ROS type the

o ROS. A short exposure to relatively low doses results in an activation or

n. Prolonged exposure to these ROS concentrations will result in prolonged

rentiation factors, which will result in a G1 arrest. At higher concentrations

might occur, resulting in an induction of p53 activity and consequently in

r after which cell proliferation will resume. Alternatively p21 may become

sient or permanent G1 arrest. If the amounts of ROS are again higher, either

will take place, together with structural damage to proteins and lipids. Under

and G2 phases and the cells will undergo apoptosis. Upon sever damage the
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cell arrests in G1 phase, the cells stay viable and growth

arrest appears permanent. These cells are in a senescent-like

state. If the cells arrest in S, G2 or M phase, the cells will

presumably undergo apoptosis in due time. If the amounts

of ROS are again higher, not only signal transduction is

activated and p21 expression is increased, but also processes

in the cells are affected such as ubiquitination, essential for

cyclin function, proteasomal degradation and protein and

lipid oxidation. Under these conditions, cells will arrest in

all phases of the cell cycle, especially in the G1 and G2

phases and the cells will undergo apoptosis or in severe

cases even necrosis.
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