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Forum Editorial

Redox Control of the Cell Cycle: A Radical Encounter

EMILY C. ROTHSTEIN! and PAMELA A. LUCCHESI?

OXIDATIVE STRESS elicits diverse cellular responses rang-
ing from cell proliferation and transformation to apop-
tosis and senescence. These vastly different effects are likely
dependent on the types and amounts of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) that are
generated, the duration of the oxidative burst, the cellular an-
tioxidant defense systems, and the cellular context in which
oxidative stress occurs (9). For example, exposure of cells to
low amounts of hydrogen peroxide (H,0,) have been shown
to mediate platelet-derived growth factor (PDGF)-induced
vascular smooth muscle proliferation (31), whereas moderate
concentrations of H,O, induce growth arrest and high con-
centrations induce apoptosis and/or necrosis (6). Enzymes
that are involved in oxidant generation or oxidant scavenging
are also critically involved in the regulation of cell growth
(16, 18, 21).

Increasing evidence suggests that ROS and RNS partici-
pate in the regulation of cell-cycle control and cell prolifera-
tion. ROS play an important role in cell growth mediated by
peptide growth factors and cytokines, including PDGF (31),
vascular endothelial growth factor, insulin, tumor necrosis
factor, and angiotensin II (8). On the other hand, higher levels
of ROS and RNS associated with oxidative stress cause
growth arrest or apoptosis. The pathways that regulate cell-
cycle progression and induction of apoptosis are remarkably
similar and are closely interconnected by key regulatory mol-
ecules and signal transduction cascades (32). A more compre-
hensive review of the signaling cascades involved in ROS-
mediated cell-cycle control is included in this Forum (5). A
greater understanding of these mechanisms by which oxida-
tive stress controls these pathways should help to identify tar-
gets for therapeutic intervention.

The process of cell-cycle transition can be divided tempo-
rally into the G, phase, the S phase in which DNA synthesis
takes place, the G, phase, and mitosis (M phase). Quiescent
cells are found in the G, phase and exhibit minimal mRNA
and protein synthesis. Upon stimulation, quiescent cells enter

the G, phase, allowing for the synthesis of mRNA and pro-
teins necessary for DNA synthesis in the ensuing S phase.
During the G, phase, the cell synthesizes additional mRNAs
in preparation for mitosis. There are two primary checkpoints
that regulate cell-cycle progression. The G /S checkpoint pre-
vents the replication of damaged DNA and is regulated by a
balance between growth-stimulating and growth-inhibitory
responses. The G,/S and G,/M checkpoints control the se-
quence and timing of cell-cycle transitions, allowing for the
integration of cell division with environmental stimuli and
the monitoring of DNA damage to maintain genomic in-
tegrity. An additional spindle assembly checkpoint functions
to delay mitosis until the mitotic spindle is correctly formed
(25). The regulation of G, progression and G,/S transition is
governed by a delicate interplay of cyclins, cyclin-dependent
kinases (Cdks), and their inhibitors. Cyclin D1 and E are
rapidly synthesized during G, and bind to CdK4 and CdK2,
respectively. p21WAFl and p27Kir! are important negative reg-
ulators of cyclin/Cdk interactions. p21WAF is up-regulated by
pS3 and inhibits Cdk4/6 activity. p27Kirl inhibits CdK2 activ-
ity, thus preventing the phosphorylation of transcription fac-
tors critical for entry into the S phase (17). A variety of other
gene products can interact with and modulate activities of the
cyclin/Cdk complexes. Proliferating cell nuclear antigen, a
cofactor for DNA polymerase 9, is negatively regulated by
p21WAFL (12). The retinoblastoma protein (Rb) is a major tar-
get of Cdk4/6. Upon phosphorylation, Rb dissociates from
the E2F transcription factor, enabling E2F to initiate gene
transcription. On the other hand, transition through the G,/M
checkpoint requires complex formation between Cdc2 (cell
division 2 kinase) and cyclin B to form the “mitosis-promot-
ing factor.” Cdc2 activation requires phosphorylation on Thr!6!
and dephosphorylation of Tyr!> by Cdc25 phosphatase (23).

ROS and RNS exert diverse effects on cell-cycle progres-
sion. In general, the growth-promoting actions of these species
appear to be mediated through the activation of kinase signal-
ing cascades, redox regulation of tyrosine phosphatases, and
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direct activation of transcription factors. Low concentrations
of H,0, increase cell proliferation via increased cyclin D ex-
pression and G,/S transition in fibroblasts (19) and via de-
creased expression of p27Kirl in prostate tumor spheroids
(33). H,0, also mediates cell growth and cell-cycle regula-
tion caused by targeted overexpression of the Nox1 subunit of
the NADPH oxidase (1). The ability of ROS to promote G,/S
transition is further supported by the finding that antioxidant
treatment often blocks proliferation and cell-cycle progres-
sion. For example, the antioxidant N-acetyl-L-cysteine in-
duces G, arrest by decreasing cyclin DI, increasing p27Xip!
protein levels and hypophosphorylation of Rb (20). This topic
will be more fully addressed in this issue (4, 21, 24). Finally,
redox responsiveness of transcription factors such as nuclear
factor-kB regulates the expression of cell-cycle proteins to
promote proliferation (13).

Growth arrest associated with higher, sustained levels of
ROS and RNS appears to involve the induction of inhibitory
cell-cycle control proteins, especially p21, and repression of
cyclins (3). Transient cell-cycle arrest in G,/S protects
against oxidant-induced DNA damage and apoptosis (27). On
the other hand, sustained production of ROS and RNS may
actually prevent cell-cycle reentry (34) and lead to cellular
senescence (8). More recently, the redox-sensitive family of
Forkhead box class O (FOXO) transcription factors has been
shown to promote cell-cycle arrest in G, by transcriptional
up-regulation of the Cdk inhibitor p27Xir! and down-regula-
tion of cyclin D1 (7).

A role for oxidative stress in the control of the G,/M
checkpoint has only recently been documented. Cdc25 phos-
phatase controls the activation of Cdc2/cyclin B protein ki-
nase and entry into mitosis in eukaryotic cells. H,O, causes
oxidation of a reactive-site cysteine residue in Cdc25 tyro-
sine phosphatase that causes subsequent binding to 14-3-3
proteins, nuclear export, and degradation (28-30). As Cdc25-
mediated dephosphorylation of Tyr!s of Cdc2 is required for
its activation, this oxidant-induced decrease in nuclear
Cdc25 content would lead to cell-cycle arrest at G,/M. Ox-
idative stress also promotes nuclear export of Cdc25B via
protein kinase B/Akt-dependent phosphorylation on Ser3s3
(2). The FOXO transcription factor AFX (acute lymphocytic
leukemia-1 fused gene from chromosome X) also partici-
pates in oxidant-induced G,/M arrest through induction of
GADD45 (growth arrest- and DNA damage-inducible pro-
tein) that is implicated in G,/M arrest and DNA repair (10,
11). Although the signaling cascades that regulate oxidative
stress-induced G,/M arrest have not been fully elucidated,
recent studies have implicated protein kinase B/Akt and the
tyrosine kinase Syk (2, 14).

Much less is known about the redox control of the spindle
assembly checkpoint. A recent report suggests that mitotic
spindle pole formation is an important component of H,0,-
induced mitosis in type II pneumocytes (26). Several mitotic
protein kinases, such as Cdc2, have been implicated in spin-
dle regulation (22), suggesting a possible role of redox con-
trol of Cdc2 activation by Cdc25C in the spindle checkpoint.
Finally, both the p38 and ERK1/2 (15) mitogen-activated pro-
tein kinase pathways, which are regulated by ROS, appear to
play a crucial role in mitotic spindle assembly. Further inves-
tigation is required to define a role for oxidative stress in the
regulation of the spindle assembly checkpoint.

ROTHSTEIN AND LUCCHESI

Understanding the molecular and cellular mechanisms by
which ROS and RNS regulate cell-cycle progression is an im-
portant research topic in cell biology and pathophysiology
with important implications for cancer, aging, cardiovascular
and renal disease, and pulmonary and neuronal injury. This
Forum on redox control of the cell cycle includes both re-
views and original contributions that significantly expand our
current understanding of how an intricate balance between
oxidant and antioxidant mechanisms regulates cell prolifera-
tion, senescence, and apoptosis.

ABBREVIATIONS

Cdc2, cell division 2 kinase; Cdk, cyclin-dependent ki-
nase; FOXO, Forkhead box class O; H,0,, hydrogen perox-
ide; PDGF, platelet-derived growth factor; Rb, retinoblas-
toma protein; RNS, reactive nitrogen species; ROS, reactive
oxygen species.
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