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Peroxiredoxins, Oxidative Stress, and Cell Proliferation
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ABSTRACT

Peroxiredoxins (Prxs) are a family of multifunctional antioxidant thioredoxin-dependent peroxidases that
have been identified in a large variety of organisms. The major functions of Prxs comprise cellular protection
against oxidative stress, modulation of intracellular signaling cascades that apply hydrogen peroxide as a sec-
ond messenger molecule, and regulation of cell proliferation. In the present review, we discuss pertinent find-
ings on the protein structure, the cell- and tissue-specific distribution, as well as the subcellular localization of
Prxs. A particular emphasis is put on Prx I, which is the most abundant and ubiquitously distributed member
of the mammalian Prxs. Major transcriptional and posttranslational regulatory mechanisms and signaling
pathways that control Prx gene expression and activity are summarized. The interaction of Prx I with the
oncogene products c-Abl and c-Myc and the regulatory role of Prx I for cell proliferation and apoptosis are
highlighted. Recent findings on phenotypical alterations of mouse models with targeted disruptions of Prx
genes are discussed, confirming the physiological functions of Prxs for antioxidant cell and tissue protection

along with an important role as tumor suppressors. Antioxid. Redox Signal. 7, 768-777.

INTRODUCTION

PEROXIREDOXINS (Prxs), synonymous with thioredoxin per-
oxidases, are a protein family whose members were ini-
tially identified as thiol-specific antioxidant enzymes (5-7).
Prxs are involved in the enzymatic degradation of hydrogen
peroxide, organic hydroperoxides, and peroxynitrite (20, 61,
83). They are found in a wide range of organisms, such as bac-
teria, plants, and mammals, and are divided into three major
subclasses: typical 2-cysteine Prxs (Prx [-IV), atypical 2-cys-
teine Prxs (Prx V), and 1-cysteine Prxs (Prx VI). In the follow-
ing, we discuss the physiological functions of Prxs, the mecha-
nisms and signaling pathways that govern mammalian Prx
gene expression, and the role of Prxs in the regulation of the
cell cycle with a focus on Prx I. Gene expression of Prx I is not
only up-regulated by oxidative stress, but appears to be also
closely interrelated with the regulation of cell proliferation and
differentiation. In detail, Prx I was independently identified in
a Ras-transformed human epithelial cell line after serum stim-
ulation [proliferation-associated gene (pag) (58)], in stress-

stimulated mouse peritoneal macrophages [mouse stress pro-
tein 23 (MSP23) (26)], and in the erythroleukemic cell line
K562 in which it enhanced the activity of natural killer cells
[natural killer cell enhancing factor A (NKEF A) (68, 69)].
Moreover, Prx I was purified from rat liver cytosol as a protein
with high binding affinity for the prooxidant tetrapyrrole heme
[heme-binding protein 23 (HBP23) (31)].

STRUCTURE AND PHYSIOLOGICAL
FUNCTIONS OF Prxs

Prxs are characterized by their content of conserved redox-
active cysteine residues in the catalytic center that is involved in
the enzymatic peroxidase activity of this protein. Redox-active
cysteines of Prxs are oxidized to sulfenic acids by peroxide sub-
strates, thereby inactivating their peroxidase enzyme activity.
Formerly, this oxidation was assumed to be irreversible (20, 83),
but, more recently, it was demonstrated that the oxidized sulfenic
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acid can be converted back into a thiol in a second reduction step
(80). An unusual dimer formation of recombinant Prx I with C-
terminal domain swapping was demonstrated by crystal struc-
ture analysis. It was also shown that the oxidized N-terminal ac-
tive cysteine residue formed a disulfide bond with the conserved
C-terminal cysteine of the partner Prx I dimer subunit. More-
over, a potential heme-binding domain of Prx I was identified in
this study (19). An overview on important structural aspects of
Prxs and their potential functional consequences was recently
published by Wood and colleagues (83).

A major common function of Prxs is the enzymatic degrada-
tion of hydrogen peroxide. As hydrogen peroxide can be rapidly
converted into highly toxic reactive oxygen species (ROS) such
as hydroxyl radicals, it may generate oxidative stress by over-
whelming the intracellular antioxidant mechanisms (8). Oxida-
tive stress may damage most cellular constituents by causing
DNA-strand breakage, protein cross-linking, and lipid peroxida-
tion (64). The physiological role of Prxs as a dam against oxida-
tive stress is of particular importance in red blood cells in which
Prxs are the second or third most abundant proteins (48). The as-
sumption that Prxs protect against oxidative stress has been con-
firmed in recent reports demonstrating that mice with targeted
disruptions of Prx genes are highly susceptible to oxidative
stress-mediated toxicity. In Prx I knockout animals, Neumann
and colleagues observed a hemolytic anemia with hemoglobin
instability and Heinz body formation along with an increased in-
cidence of various malignancies (51). Similarly, in Prx II-defi-
cient animals, the life span of erythrocytes was drastically re-
duced, resulting in an anemia with lowered cellular hematocrit
(43). In both Prx I and Prx II knockout animals, the generation of
intracellular ROS in erythrocytes and in macrophages was
markedly increased. Moreover, Prx VI knockout mice were
found to have lower survival rates, as well as higher protein oxi-
dation levels, with more severe tissue damage in organs such as
kidney, liver, and lung (77). Interestingly, in Prx VI knockout an-
imals, the gene expression levels of antioxidant enzymes such as
catalase, glutathione peroxidase, and manganese superoxide dis-
mutase (MnSOD) were not different from those of Prx VI wild-
type animals, suggesting that Prx VI cannot be compensated for
by other genes (77).

Hydrogen peroxide, however, not only may cause cellular
oxidant damage, but at low levels may serve as physiological
intracellular second messenger molecules involved in signal
transduction cascades of various cell-surface receptors (13, 62,
76). Comparable to other second messengers such as cyclic nu-
cleotides or inositol 3-phosphate, hydrogen peroxide that is
generated by extracellular signals has to be eliminated in a
timely manner after completion of its mission. In agreement
with this concept, it was demonstrated that Prxs can regulate
cellular signal transduction pathways via enzymatic elimina-
tion of hydrogen peroxide (62). In detail, it was demonstrated
in transiently transfected cell lines that overexpression of Prx I
and II diminished intracellular hydrogen peroxide levels that
were increased in response to the growth factors platelet-
derived growth factor or epidermal growth factor (33). Moreover,
overexpression of Prx I and II inhibited hydrogen peroxide-
and tumor necrosis factor-a (TNFa)-dependent activation of
the transcription factor nuclear factor-kB (NF-kB) (33). In a
more recent study, the regulatory role of Prx II for hydrogen
peroxide signaling was confirmed in a model of Hela cells that
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were transfected with either wild-type or dominant negative
forms of Prx II. In addition, Kang and co-workers demon-
strated in cultured embryonic fibroblast cells from Prx II-defi-
cient mice that overexpressed Prx II modified the hydrogen
peroxide-dependent activation of the mitogen-activated protein
kinases (MAPK) c-Jun N-terminal kinase (JNK) and p38 in re-
sponse to TNFa. The authors concluded that Prxs may comple-
ment other antioxidant enzymes as modulators of intracellular
redox signaling (34, 62). Others reported similar observations
for the TNFa-dependent activation of the transcription factor
activator protein-1 (AP-1), which was decreased by overex-
pression of Prx II in transfected endothelial cell cultures (70).
Independently, in a cell culture model of thyroid cells, overex-
pressed Prx I and II were shown to eliminate hydrogen perox-
ide that was generated by treatment with thyrotropin. The in-
creased expression of Prx genes protected these thyroid cells
against hydrogen peroxide-mediated apoptosis (35). In a recent
study on the Prx crystal structure, 2-cysteine Prxs were sug-
gested to function as potential cellular sensor systems of
whether or not hydrogen peroxide is a toxic oxidant or a bene-
ficial signaling molecule (82). A model was proposed in which
the sensitivity of eukaryotic 2-cysteine Prxs was quantitatively
correlated with structural changes of these proteins. In this
model, it was suggested that highly abundant 2-cysteine Prxs
may keep cellular levels of hydrogen peroxide low in resting
cells. By contrast, when intracellular levels of hydrogen perox-
ide are transiently increased, such as in cells treated with
TNFa, oxidation of redox-sensitive cysteines of Prxs decreases
their peroxidase enzyme activity and, in consequence, allows
the generation of high levels of hydrogen peroxide for intracel-
lular signaling. Therefore, these authors regard mammalian 2-
cysteine Prxs as a floodgate for cellular peroxides that is
opened under defined conditions (82). A surprising observa-
tion was made for Prx IV as to its regulation of the transcrip-
tion factor NF-kB. Prx IV is the only Prx that is secreted by
cells and is synonymous with thioredoxin peroxidase-related
activator of NF-kB and JNK (TRANK) (17) and with the an-
tioxidant enzyme 372 (32). In apparent contrast to other Prxs,
Prx IV was shown to cause an activation of NF-«kB via degra-
dation of inhibitor of NF-kB (IkB) leading to NF-kB-
dependent gene expression (17).

TISSUE- AND CELL-SPECIFIC
DISTRIBUTION OF Prxs

The important physiological functions of Prxs are empha-
sized by the wide tissue expression of the corresponding fam-
ily members. For an overview on the tissue expression of all
Prx family members, we performed a UniGene database
search (at the National Center for Biotechnology Information:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene).
The highest number of hits for expressed sequence targets
(ESTs in all cDNA libraries) was found for the Prx I gene
with 2,383 EST sequences, the tissue representation of which
is summarized in Table 1. A comparison of EST numbers for
Prx I (= 100%) with those of other Prx family members indi-
cated that Prx I is the most abundant and ubiquitous Prx (Prx
I EST representation compared with one of the other Prx
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TABLE 1. TISSUE REPRESENTATION OF MOUSE AND HUMAN ESTS FOR PRX [-—UNIGENE DATABASE SEARCH

Organs and tissues

ESTs of different individual cDNA libraries

Central nervous system

Peripheral nervous system
Eye

Inner ear

Respiratory tract
Cardiovascular system

Bone marrow and blood cells

Lymphatic organs
Gastrointestinal system
Urinary system
Endocrine organs

Male genital tract
Female genital tract

Skin

Skeletal muscle

Bone and joints

Other organs and tissues
Tumors

Fetal brain, adult visual cortex, hippocampus, hypothalamus, pineal gland, cerebellum, spinal
cord, oligodendroglia

Spinal ganglia, sciatic nerve, sympathetic trunk

Neural retina, pigmental epithelial cells, iris, lens

Organ of Corti

Nose-olfactory mucosa, lung (whole lung, epithelia, and alveoli)

Heart and blood vessels such as aorta, basilary artery, other arteries and veins

Whole bone marrow, hemopoietic stem cells, macrophages, whole blood, B- and
T-lymphocytes

Thymus, spleen, and lymph nodes

Liver, gall bladder, pancreas, all parts of the intestines, stomach, and gastric epithelium
Kidney, urinary bladder

Pituitary, thyroid, parathyroid, and adrenal glands, and Islets of Langerhans

Testis, spermatogonia, spermatocytes, Sertoli cells, prostate

Mullerian duct, ovary, whole uterus, endometrium, placenta, amnion, decidual tissue, in vitro
fertilized eggs, embryonic stem cells

Whole skin and melanocytes

Tongue, nasopharynx, diaphragm, hind-limb muscles

Maxilla and mandible, complete joints, synovial membrane

Submandibular gland, adipose tissue

Prostate tumors, embryonal testis tumors, embryonal carcinoma, squamous cell carcinoma,
lung carcinoma, renal cell adenocarcinoma, hypernephroma, endometrial carcinoma, melanotic

melanoma, leukemia, acute myeloid leukemia, Burkitt lymphoma, neuroblastoma,
glioblastoma, retinoblastoma, rhabdomyosarcoma, chondrosarcoma, parathyroid tumors,
insulinoma, adrenocorticoadenoma, pheochromocytomas, meningeomas

members is: Prx II = 52.98%, Prx III = 66.33%, Prx IV =
15.07%, Prx V = 18.98%, and Prx VI = 55.58%). EST clones
for Prx I were found for almost all human and murine organs
and tissues (see Table 1). EST clones for Prx I showed a par-
ticularly high representation in cDNA libraries made of
mouse hypothalamus and primary Sertoli cell mRNA or
human placenta, prostate tumor, and testis embryonal carci-
noma, suggesting an important function of Prx I in these tis-
sues. In addition, ESTs of Prx I were found in a large variety
of different tumors, with the highest gene expression levels in
prostate and embryonal testis tumors. The data agree with the
widespread Prx tissue distribution in normal control animals
and the high gene expression levels of different Prxs in tumor
cell lines (3, 9, 14, 17, 24, 28, 32, 42, 44, 70, 71, 74, 75). Al-
though mRNAs of Prxs are ubiquitously expressed, different
members of the family exhibit a tissue-specific expression
pattern. As an example, mRNA expression of Prx I was dem-
onstrated at high levels in almost every tissue, whereas Prx
IV exhibits a strong tissue-specific expression, with liver,
pancreas, colon, prostate, testis, ovary, and muscle exhibiting
high expression levels and small intestine, placenta, lung,
kidney, spleen, and thymus lower expression levels (32).

Few morphological studies are available that deal with the
quantitative analysis of Prx protein expression patterns in in-
dividual cell types of complex tissues and organs [skin, respi-
ratory tract, brain (54); skin (40); nervous system (47); kidney
(56); pancreatic B-cells (3); testis (39); lung (37); liver (24);
prostate (75)]. In these studies, individual Prxs were found to
have a characteristic cell type- and organ-specific expression
pattern. It was shown that Prx I protein was widely expressed
in various regions of the central and peripheral nervous sys-
tem and exhibited a specific cell type-associated expression

pattern (47). Prx 1 was particularly abundant in oligoden-
droglia cells and in Schwann cells, whereas astrocytes showed
a weaker staining. Similarly, in rat liver, Prx I showed a broad
expression in almost all cell types, with the highest staining
intensities in sinusoidal lining cells (Kupffer cells, endothelial
cells, and fat-storing cells) (24). Hepatocytes and bile duct ep-
ithelial cells were less strongly and heterogeneously labeled
for Prx I. Lee and colleagues found that Prx I, II, and III were
ubiquitously expressed in rat skin, however, with an isotype-
specific expression pattern (40). In the epidermis, Prx I and II
were expressed in all layers with increasing expression levels
from the basal to the granular layer. Prx III was also expressed
in all layers, however, with an opposite gradient (higher con-
centration in basal layers). After UV treatment, only Prx II
showed a strong increase in the epidermis (40). Bast and co-
workers demonstrated that Prx I and Prx II were present in
pancreatic {3-cells of the islets of Langerhans, whereas
glucagon-producing cells were negative for these Prxs (3). An-
other example of the cell type-specific expression of distinct
Prxs demonstrated that, in normal rat kidney, Prx I protein
showed a moderate expression level in proximal and distal tu-
bular cells, whereas Prx II, III, and V were strongly expressed
in distal tubules. In addition, Prx V exhibited the highest ex-
pression level in the transitional epithelium, and red blood
cells in glomeruli capillaries were intensively stained only for
Prx II and IV (56). Similar distinct expression patterns for
Prxs were reported for lung tissue (37) in which all six family
members were mainly expressed in epithelial cells or in alveo-
lar macrophages. In this respect, the bronchial epithelium
showed a moderate to high expression of Prx I, III, V, and VI,
and the alveolar epithelium mainly expressed Prx V and VI
and alveolar macrophages Prx I and III (37).
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SUBCELLULAR LOCALIZATION
OF Prx PROTEINS

Cellular production of ROS occurs from both enzymatic and
nonenzymatic sources. As ROS formation can occur as a “by-
product” or as escape of electrons during electron transfer reac-
tions in any electron-transfer system, ROS are produced due to
normal cellular metabolism in a variety of subcellular localiza-
tions, such as in mitochondria (respiratory complexes), peroxi-
somes (several different peroxisomal oxidases and membrane
proteins), smooth endoplasmic reticulum (cytochrome P450 and
b5 families of proteins), nuclear membranes (cytochrome oxi-
dases), and the cytoplasm (xanthine oxidase, aldehyde oxidase,
dihydroorotate dehydrogenase, flavoprotein dehydrogenase, tryp-
tophan dioxygenase) (76). Therefore, it is necessary that appro-
priate antioxidative systems are present at the sites of intracellular
ROS production to protect against oxidative stress-mediated cell
damage and to maintain the homeostasis of the cellular metabolic
pathways. Due to the important function of antioxidative systems
for normal life, different enzyme systems that are located at dif-
ferent subcellular sites occur simultaneously in the cell (72, 76).
Whether these various enzymes have complementary functions
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for the metabolism of ROS in various subcellular compartments,
however, is not understood completely.

Similar to glutathione peroxidases, Prxs are present in all
subcellular compartments (for a review, see 83), but reports on
the localization of Prxs in different subcellular compartments
are controversial (24, 33, 56, 77, 83). This may be explained by
the fact that distinct species, tissues, and cells have been used
and different methods have been applied for studying the sub-
cellular localization of Prxs. Indeed, by application of differen-
tial centrifugation for the isolation of crude organelles, which is
applied mostly for biochemical studies dealing with the subcel-
lular localization of Prxs, other organelles may “contaminate”
the cell fractions used for western blotting. In addition, some of
the organelles, such as peroxisomes, are sensitive to homoge-
nization methods, and matrix proteins may leak and be found in
the cytosolic fractions. In contrast, if antibodies are monospe-
cific for individual Prx proteins, postembedding immunocyto-
chemical localization is a reliable method for subcellular local-
ization of the corresponding proteins. With this method, we
were able to show in normal rat liver that Prx I is not only ex-
pressed in the cytoplasm and nucleus, but is also present in the
matrix of mitochondria and in peroxisomes (Fig. 1). Therefore,

FIG. 1. Electron micrographs of hepatocytes depicting the subcellular localization of Prx I in rat liver (postembedding
protein A-Gold method on LR White sections). (a) Low-magnification view of a hepatocyte showing the multicompartmental
localization of Prx I in the nucleus (NUC), mitochondria (MI), peroxisomes (PO), and cytoplasm. In the nucleus, only the euchro-
matin and the nucleolus (large black asterisk) are labeled. Areas with heterochromatin (small white asterisks) are empty. Endo-
plasmic reticulum (ER), the Golgi apparatus (G), and lysosomes (L) are not labeled. Bar = 1 um. (b and ¢) Two different higher
magnification views of hepatocytes labeled for Prx I. Note the heterogeneous labeling of mitochondria (MI) and peroxisomes
(PO). Cytoplasmic labeling is also seen in close vicinity to the outer surface of segments of the endoplasmic reticulum (ER).
Lysosomes (L), the lumen of the bile canaliculus (BC), and the space of Disse (SD) are not labeled, showing the high specificity

of the antibody reaction. Bars = 1 pm.
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Prx I is not only the member of the Prx family with the widest
tissue distribution, but is also widely distributed in intracellular
organelles (24). In addition to Prx I, Prx V was found in various
intracellular organelles, such as the cytoplasm, peroxisomes,
mitochondria, and to a lesser extent the nucleus (2, 66).

In comparison with the wide intracellular distribution of
Prx I and V, other Prxs exhibit a more restricted subcellular
localization, such as Prx II, which is only present in the nu-
cleus and the cytoplasm (83). Prx IV, which is actively se-
creted by the secretory apparatus, is present in the cytoplasm
and in lysosomes (56, 83). The lysosomal localization of Prx
IV in kidney tubules, however, could be interpreted as reup-
take of this Prx from the extracellular space. The only Prxs
located in a single compartment are Prx III (mitochondria)
and Prx VI in the cytoplasm (56, 77, 83).

REGULATION OF Prx GENE EXPRESSION
AND ACTIVITY

The regulation of Prx activity occurs at the level of gene
expression and by posttranslational protein modification and
has received a great deal of attention in recent reports.

Regulation of Prx gene expression

Prx I gene expression is up-regulated by a large variety of
oxidative stress stimuli in mouse peritoneal macrophages
(26). Similarly, it was also shown by others that Prx I gene ex-
pression was induced by the prooxidant heme and by various
heavy metals in cultured hepatic cells (22), as well as by
lipopolysaccharide (LPS) in rat liver tissue macrophages
(Fig. 2) (23). In these studies, it was demonstrated that the in-
duction of Prx I gene expression by the above-mentioned
stress stimuli occurred in coordination with that of heme oxy-
genase-1. Heme oxygenase-1 is the inducible isoform of the
rate-limiting enzyme of heme degradation and a well-known
stress-inducible gene (46, 57). A parallel induction of Prx I
and heme oxygenase-1 gene expression was also observed
after exposure of cultured vascular smooth muscle cells to
oxidized low-density lipoproteins (73) and in an in vivo rat
model around hemorrhagic brain regions (50). Therefore, the
coordinate induction of Prx I and heme oxygenase-1 seems to
be a general adaptive response of the cell to protect against
oxidative stress. In addition, stress-dependent induction of
Prx gene expression has also been observed for other Prxs,
such as Prx I or Prx VI (3, 36).

What are the molecular mechanisms that are involved in
the transcriptional induction of Prx gene expression by oxida-
tive stress? A major role for the regulation of Prx I gene ex-
pression by electrophilic and ROS-producing agents has been
ascribed to the transcription factor NF-E2-related-factor 2
(Nrf2) (Fig. 2). Nrf2 is a key regulator of oxidative stress-de-
pendent gene expression via its DNA-binding activity to the
antioxidant response element (ARE) (52). In cultured peri-
toneal macrophages of Nrf2-deficient mice, Prx I gene ex-
pression was not induced by stress stimuli (29). The activity
of Nrf2 was proposed to be mediated via the cytosolic protein
Keapl, which interacts with the regulatory N-terminal do-
main of this transcription factor and may thus function as a
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FIG. 2. Signal transduction pathways and molecular
mechanisms of the regulation of Prx I gene expression and
activity. Schematic representation of the known signaling cas-
cades and molecular mechanisms that are involved in the regu-
lation of Prx I gene expression and posttranslational modifica-
tions. iNOS, inducible nitric oxide synthase; MEKK1, MAPK/
ERK kinase kinase; MKK, MAPK kinase; TRE, TPA response
element.

crucial sensor system for oxidative stress. It was demon-
strated that oxidative stress antagonized inhibition of Nrf2 by
Keapl and enhanced the shuttle of Nrf2 into the nucleus,
thereby leading to Nrf2-mediated gene expression (30) (Fig.
2). Although Nrf2 is a key regulator of Prx I gene expression,
other transcription factors are also involved in gene regula-
tion of Prx L. It was shown that Prx I gene expression is tran-
scriptionally up-regulated by the phorbol ester 12-O-tetrade-
canoylphorbol 13-acetate (TPA) via an AP-1-dependent
mechanism by the interaction with TPA recognition elements
of the rat Prx I gene promoter region (18) (Fig. 2).

Posttranslational mechanisms of Prx regulation

Prx activity is modified not only by the regulation of gene
expression, but also by posttranslational mechanisms. These
mechanisms comprise protein phosphorylation, redox-depen-
dent oligomerization, proteolysis, and modification by ligand
binding (Fig. 2). It was demonstrated that Prx L, II, III, and IV
are phosphorylated at a threonine residue of a specific phos-
phorylation recognition sequence via the cyclin-dependent ki-
nase Cdc2 (10). This Cdc2-mediated phosphorylation was
shown to inhibit the peroxidase activity of Prxs. The potential
mechanism(s) of how phosphorylation decreases peroxidase
activity could be the introduction of a negatively charged phos-
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phate group that may modulate the peroxidatic active site via
an unfavorable electrostatic effect (10). Prxs also form dimers
and decamers, which is facilitated by factors such as ionic
strength or low pH. Oligomerization of Prxs seems to be pri-
marily affected by changes of the redox-active disulfide center.
A direct functional link of the redox state and oligomerization
was reported for Prxs in bacteria (60, 81). Moreover, it was
found that proteolysis of the C-terminal end of a typical 2-cys-
teine Prx led to a higher resistance to overoxidation and, subse-
quently, to an inactivation of peroxidase enzyme activity. The
targeted truncation of 2-cysteine Prxs prevented the peroxide-
mediated inactivation in response to increased peroxide levels
(38). Prx activity can also be affected by ligands such as heme
and cyclophilin A that noncovalently bind to these proteins. As
mentioned, Prx I was initially identified as a heme-binding
protein with high binding affinity for this tetrapyrrole (31).
Others demonstrated that incubation of Prx I with heme
markedly decreased the peroxidase activity of Prx I in vitro
(27). In addition, Prx activity of Prx VI was shown to be in-
creased by the interaction with cyclophilin A (41). In summary,
the large variety of posttranslational modifications of Prxs and
their functional consequences suggest a high versatility of
these enzymes as regulators of the cellular redox homeostasis.

SIGNALING PATHWAYS INVOLVED IN
THE REGULATION OF Prx ACTIVITY

Few reports have been published on the signal transduc-
tion pathways that are involved in the regulation of Prx gene
expression and activity. LPS was shown to induce Prx I gene
expression via a nitric oxide (NO)-dependent signaling cas-
cade in cultured rat liver tissue macrophages (Fig. 2) possibly
via the up-regulation of the inducible NO synthase (23). A
regulatory role of a NO-dependent signaling pathway was
shown by others for the induction of Prx I and II gene expres-
sion in a pancreatic islet cell line (3). In addition, activation
of the protein kinase C (PKC) signaling cascade was found to
mediate the induction of Prx I gene expression. PKC is a cen-
tral signaling molecule involved in cellular redox-dependent
signaling cascades (15). The PKC family contains at least 11
phospholipid-dependent serine-threonine kinases that are di-
vided into three major categories according to the cofactors
that are required for optimal catalytic activity (53). PKC3 was
shown to mediate the posttranslational induction of Prx I ex-
pression by sodium arsenate in cultured osteoblast cells (44).
More recently, it was also reported that PKC is involved in
the induction of Prx I gene expression by the phorbol ester
TPA in cultured macrophage cells (18). TPA-dependent in-
duction of Prx I gene expression was found to be mediated
via the small GTP-binding protein Ras, which in turn acti-
vates the downstream p38 MAPK signaling pathway (Fig. 2).

Prxs AND THE CELL CYCLE

It has been known for many years that cellular generation
of ROS and the redox state of the cell play a crucial role for
the regulation of the cell cycle and cell proliferation (for re-
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views, see 63, 67). Consequently, antioxidant enzymes such
as glutathione peroxidase or MnSOD have been suggested to
be involved in the regulation of the cell cycle (55). Evidence
for a ROS-dependent regulation of the cell cycle was pre-
sented by Irani and colleagues (25). These authors demon-
strated that overexpression of a constitutively active H-
RasV12 mutant produced large amounts of ROS that
mediated cell-cycle progression of fibroblast cell cultures.
Cell-cycle progression in this experimental setting was inhib-
ited by the chemical antioxidant N-acetyl-L-cysteine (25). In
mouse embryo fibroblasts, it was found that the cellular lev-
els of ROS correlated with the cell-cycle period and overex-
pressed MnSOD inhibited cell proliferation (45).

A link of Prx I to cell proliferation was presented in one of
the early reports on Prx I. It was demonstrated that Prx I gene
expression was markedly higher in Ras-transformed epithe-
lial cells in comparison with control cells and, thus, was
termed pag (58). The correlation of increased Prx I gene ex-
pression with cell proliferation was confirmed in the human
promyelocytic cell line HL60, which can be stimulated to un-
dergo growth arrest after treatment with dimethyl sulfoxide.
In HL60 cells, Prx I gene expression decreased in a time-
dependent manner upon exposure to dimethyl sulfoxide and
was hardly detectable when these cells reached differentiation
(58). In an attempt to distinguish the mechanisms of Prx I
gene induction either by cell proliferation or by oxidative
stress, a lymphoma cell line was used that can be stimulated
to proliferate by treatment with prolactin (59). In this study,
Prx I was shown to reach a maximum of gene expression
when NB2 cells were in the S-phase after exposure to pro-
lactin (Fig. 3). It still needs to be clarified, however, whether
the up-regulation of Prx gene expression and the induction of
cell proliferation by oxidative stress are directly linked.

Prx I was also demonstrated to interact with the oncogene
products c-Abl and c-Myc, both of which play crucial roles
for the regulation of cell proliferation. With a yeast two-
hybrid screen, Prx I was identified to interact with the Src ho-
mology 3 domain of c-Abl (79) and to regulate the c-Abl ty-
rosine kinase activity. As the c-Abl Src homology 3 domain
is assumed to suppress the intrinsic transforming ability of

phosphorylation of Prx
Thr-90 by Cdc2 leads to
decrease of peroxidase
activity

Gz M

[sew] p &

induction of Prx |
ImRNA and protein
expression

FIG. 3. A schematic representation of the four major cell-
cycle periods and the cyclin/CdK complexes that regulate
progression through each period. The known interactions of
Prxs with the cell-cycle periods are indicated.
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c-Abl, it is conceivable that the reversible interaction of Prx I
with c-Abl may function as a key regulator of the cell cycle.
Independently, Prx I was also found to bind to c-Myec, specif-
ically to the highly conserved Myc box II of the c-Myc trans-
activating domain (49). Overexpression of Prx I was demon-
strated to cause a marked increase of cell size in conjunction
with protective effects against apoptosis during oxidative
stress. Moreover, a number of specific c-Myc target genes
were found to be down-regulated by overexpressed Prx I (49).

As mentioned above, Prxs were shown to be specifically
phosphorylated at the threonine-90 residue via the cyclin-
dependent kinase Cdc2 and, as a consequence, a decrease of
the Prx peroxidase activity was observed (Fig. 3) (10). Phos-
phorylated Prx I was demonstrated to occur during mitosis,
but not during the interphase. Therefore, it was proposed that
the phosphorylation of Prx could be an important switch for
the up-regulation of cellular levels of hydrogen peroxide, re-
sulting in a progression of the cell cycle.

Prxs AND APOPTOSIS

Progression of the cell cycle and apoptosis are tightly in-
terrelated processes, and deregulation of Cdc2 kinase activity
in mammalian cells was shown to trigger the apoptotic ma-
chinery leading to caspase-3 activation and apoptosis (16).
One of the cytokines reported to induce ROS during intracel-
lular signaling is TNFa, which, in turn, induces apoptosis by
binding to the death domain containing receptor TNFa recep-
tor-1 (11). In this process, TNFa activates NF-kB, a tran-
scription factor mediating also ROS-dependent gene activa-
tion (65, 76). Overexpression of Prx II was found to inhibit
the activation of NF-kB after stimulation with extracellular
added hydrogen peroxide (33), and overexpression of this
protein in Molt-4 leukemia cells was protective against apop-
tosis by serum deprivation, ceramide, or etoposide (84). In
this study, Prx II was also shown to prevent cytochrome ¢ re-
lease from mitochondria and to inhibit lipid peroxidation.
Therefore, it is interesting to note that only the mitochondrial
overexpression of Prx V had beneficial effects on cells ex-
posed to external peroxides (2). Furthermore, in rat hepato-
cytes, endogenous Prx I and Prx II expression levels were
shown to be reduced during glycochenodeoxycholic acid-
induced cell death mediated by ROS generation and NF-«B
activation (12). In conclusion, it appears that high levels of
Prxs inhibit apoptosis and induce cell proliferation.

Prxs AND CANCER

Oxidative stress plays a crucial role in the pathogenesis of
various malignant tumors (1, 78). Carcinogenesis by oxidant
stress appears to be caused mainly by excessive generation of
ROS leading to structural changes of DNA, such as base-pair
mutations, deletions, insertions, or rearrangements (21).
Moreover, ROS may directly activate cytoplasmic and nuclear
signal transduction pathways that are associated with malig-
nant transformation (4). Therefore, antioxidant enzymes have
been suggested to play a functional role in carcinogenesis. In-
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deed, it was previously demonstrated that overexpression of
MnSOD inhibits the cellular proliferation of various cancer
cell lines (55). Due to their peroxidase enzyme activity, Prxs
may have a similar function. An important role of Prxs for
carcinogenesis was suggested in a recent report in which Prx
I knockout mice exhibited an increased frequency of malig-
nant tumors such as lymphomas, sarcomas, and carcinomas
(51). These authors also observed that murine embryonic fi-
broblasts from Prx [-deficient mice not only exhibited a lower
survival rate after exposure to oxidative stress, but also had
higher levels of endogenous ROS in response to peroxide
treatment. Overall, the data of this report are consistent with
an important role of Prx I as tumor suppressor.

SUMMARY AND CONCLUSIONS

Prxs are a family of multifunctional proteins that are in-
volved in the cellular protection against oxidative stress,
modulation of intracellular signaling, and regulation of cell
proliferation. Prxs exhibit a cell- and tissue-specific gene ex-
pression pattern and are upregulated by oxidative stress stim-
uli. The important functions of Prxs in a variety of physiolog-
ical and pathophysiological experimental models and in Prx
knockout animals suggest that the regulation of these proteins
may represent a novel target for therapeutic interventions. To
achieve this goal, a more detailed understanding of the regu-
latory mechanisms and signaling pathways that control Prx
gene expression and activity is necessary.
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