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Peroxiredoxin 6 Promotes Lung Cancer Cell
Invasion by Inducing Urokinase-Type Plasminogen
Activator via p38 Kinase, Phosphoinositide

3-Kinase, and Akt

Seung Bum Lee', Jin-Nyoung Ho', Sung Hwan Yoon, Ga Young Kang, Sang-Gu Hwang, and

Hong-Duck Um*

The peroxiredoxin family of peroxidase has six mammalian
members (Prx 1-6). Considering their frequent up-regulation
in cancer cells, Prxs may contribute to cancer cells’ survival
in face of oxidative stress. Here, we show that Prx 6 pro-
motes the invasiveness of lung cancer cells, accompanied
by an increase in the activity of phosphoinositide 3-kinase
(PI3K), the phosphorylation of p38 kinase and Akt, and the
protein levels of uPA. Functional studies reveal that these
components support Prx 6-induced invasion in the se-
quence p38 kinase/PI3K, Akt, and uPA. The findings provide
a new understanding of the action of Prx 6 in cancer.

INTRODUCTION

Peroxiredoxins (Prxs) are a family of proteins showing peroxi-
dase activities that degrade hydrogen peroxide (H2O.) and alkyl
hydroperoxides. Six members of the family, Prxs 1-6, have been
identified in mammalian tissues. They have either one (1-Cys
Prx; Prx 6) or two (2-Cys Prx; Prxs 1-5) conserved cysteine resi-
dues in the catalytic center that are directly involved in peroxidase
catalysis, undergoing peroxide-dependent oxidation and thiol-
dependent reduction (Immenschuh and Baumgart-Vogt, 2005;
Rhee et al., 2001; 2005; Wood et al., 2003). Due to the Prxs’
ability to remove oxidants, it is generally accepted that Prxs act
as cytoprotective antioxidant enzymes; this idea is supported by
the observation that knockout of the genes for Prx 1 (Neumann et
al., 2003), Prx 2 (Lee et al., 2003), or Prx 6 (Wang et al., 2003;
2006; 2008) results in enhanced oxidative damage in the speci-
fied cells and tissues of animals tested to date.

Prxs have recently received increasing attention in the field of
cancer biology. Analyses of cancer samples obtained from
patients have revealed the increased expression of Prxs in
malignancies of various organs and tissues, including lung
(Lehtonen et al., 2004), breast (Karihtala et al., 2003; Li et al.,

2006), skin (Lee et al., 2002), thyroid (Yanagawa et al., 1999),
and pleural mesothelium (Kinnula et al., 2002). While the up-
regulation of Prx 1 (Chen et al., 2002; Kim et al., 2007), Prx 2
(Chung et al., 2001; Park et al., 2000), Prx 4 (Smith et al., 2007),
Prx 5 (Kropotov et al., 2006), or Prx 6 (Castagna et al., 2004)
may contribute to cancer cells’ resistance to chemotherapy and
radiotherapy, additional functions of the Prxs have also been
suggested. For example, the expression of Prx 6 in breast can-
cer cells was significantly associated with their lymph-node
metastasis (Li et al., 2006). Direct analysis of Prx 6 function via
its overexpression and RNA interference has consistently re-
vealed that Prx 6 enhances the invasiveness and thus the
metastatic potential of breast cancer cells (Chang et al., 2007).
Therefore, Prx 6 appears to influence the efficacy of cancer
therapy not only by supporting the resistance of cancer cells but
also by promoting their invasiveness and metastasis. The
mechanism underlying this latter function of Prx 6 is poorly
understood at present, despite the fact that such information is
essential for a better understanding of tumor biology and the
development of new treatment strategies.

Cancer cell invasion of tissues requires the actions of pro-
teinases that degrade the extracellular matrix, such as
urokinase-type plasminogen activator (UPA) and matrix metal-
loproteinases (MMPs). Indeed, these enzymes are frequently
up-regulated in cancer cells as a result of constitutive activation
of signaling components that promote cell invasiveness (Duffy,
2002; Egeblad and Werb, 2002; Orlichenko and Radisky, 2008).
Phosphoinositide 3-kinase (PI3K) and mitogen-activated pro-
tein kinases are examples of such signaling components (Bae
et al., 2006; Huang et al., 2004; Jiang and Liu, 2008). Therefore,
in this study, we investigated the cellular components involved
in Prx 6-induced invasion of cancer cells. Human lung cancer
cells were employed as a model, in view of the importance of
Prx 6 in the biology and cancer of lungs (Chang et al., 2007;
Lehtonen et al., 2004).
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MATERIALS AND METHODS

Antibodies and materials

Antibodies used were anti-Prx 6 (purchased from Lab Frontier,
Korea); anti-uPA, -MMP-2, and -MMP-9 (Calbiochem, USA);
anti-phospho-Akt, -ERK, -phospho-ERK, -p38 kinase, -
phospho-p38 kinase (Cell Signaling, USA); anti-phospho-JNK
(Biosource, USA); anti-JNK (BD Pharmingen, USA); anti-Akt, -
o-tubulin, -hemagglutinin (HA) (Santa Cruz Biotechnology,
USA); anti-Flag (Sigma-Aldrich, USA); anti-Myc, -p85 subunit of
PI3K (Upstate Biotechnology, USA). The small interfering
RNAs (siRNAs) of Prx 6 and uPA were obtained from Ambion
(USA) and Santa Cruz, respectively. Calbiochem provided all
the synthetic inhibitors used in this study.

Cell culture and transfection

Human A549 and H460 lung cancer cells were cultured in
RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum and gentamicin (50 pg/ml). The expression
constructs used include Flag-tagged Prx 6 cloned into pCR3
vectors (generous gifts from Dr. Sang Won Kang, Ewha
Womans University), HA-tagged dominant negative mutant of
PI3K (DN-PI3K) in pCMV6 vectors (Lee et al., 2005a), Myc-
tagged DN-Akt in pUSEamp vectors (Lee et al., 2005b), and
DN-p38 kinase in pCMV5 vectors (Park et al., 2003). The indi-
cated constructs and siRNAs were introduced into cells using
Lipofectamine 2000 (Invitrogen, USA). Where necessary, trans-
fected cells were selected using 1 mg/ml G418 sulfate.

Invasion assay

Cells (5 x 10%) were suspended in 200 pl of medium containing
0.1% BSA, which was seeded onto the upper surfaces of Ma-
trigel-coated polycarbonate filters (BD Biosciences, USA). Fil-
ters were placed in modified Boyden chambers (Corning, USA),
and the lower compartment of the chambers filled with 1 ml of
medium supplemented with 10% FBS. After incubation for 24 h
at 37°C, the cells migrating to the lower surface of the filter
were fixed and stained using Diff-Quick kit (Fisher Scientific,
USA), and counted under a microscope (Bae et al., 2006).

Zymography

Conditioned media were prepared by incubating cells in serum-
free medium for 24 h. Where indicated, media were supple-
mented with specific inhibitors. Equal volumes of conditioned
media were subjected to 10% SDS-PAGE on gels containing
either 0.1% gelatin for MMPs or 2.5% casein and 10 pg/ml
plasminogen for uPA. Gels were stained, and enzyme activities
were visualized as clear bands (Bae et al., 2006; Park et al.,
2008).

Western blot analysis

Proteins in conditioned media or cell lysates prepared using a
previously reported method (Kim et al., 2001) were separated
by SDS-PAGE, electrotransferred to Immobilon membranes
(Millipore, USA), subsequently blotted using the specified anti-
bodies, and visualized with the ECL detection system (Amer-
sham, Sweden). Where indicated, proteins in membranes were
stained with Ponceau S to confirm equal loading of samples.

PI3K assay

Cells were lysed as described previously (Lee et al., 2005a).
Equal amounts of lysate proteins (400 ng) were immuno-
precipitated with anti-p85. Immune complexes were washed and
resolved in reaction buffer containing v-[**P]JATP. L-o-pho-
sphatidylinositol (Sigma-Aldrich) was added to initiate the kinase
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Fig. 1. Prx 6 promotes invasion of A549 cells. (A) Top, control and
Prx 6 siRNAs were introduced into A549 cells. After 36 h of incuba-
tion, cellular levels of Prx 6 were compared by Western blotting
using a-tubulin as a loading control. Bottom, A549 cells treated with
indicated siRNAs were seeded onto Matrigel-coated polycarbonate
filters. Cells were incubated for 24 h in modified Boyden chambers,
and cells migrating through the filters were stained and then
counted under a light microscope. Data are presented as means
and standard deviations of migrating cell numbers. (B) Top, A549
cells were stably transfected with empty pCR3 vector or vectors
containing Flag-tagged Prx 6. Expression patterns of the introduced
genes were analyzed by Western blotting. Bottom, control and Prx
6 transfectants were analyzed for invasiveness. *, p < 0.05 versus
controls, n=3.

reactions, which were quenched by adding 1 M HCI after 20 min
incubation. Reactions were analyzed with thin-layer chromatog-
raphy.

Statistic analysis
Results were analyzed for statistical significance with the Stu-
dent’s ttest. Differences were considered significant at p < 0.05.

RESULTS AND DISCUSSION

Prx 6 enhances invasiveness of A549 cells

In order to determine whether Prx 6 influences the invasiveness
of lung cancer cells, A549 cells were used as a model. Analysis
on Matrigel-coated membrane filters revealed that these cells’
invasiveness decreased following a decrease in Prx 6 levels via
siRNA (Fig. 1A), and consistently increased upon expression of
exogenous Prx 6 (Fig. 1B). This finding confirms the ability of
Prx 6 to promote the invasion of A549 cells. In view of the re-
cent similar finding reported using breast cancer cells (Chang et
al., 2007), we hypothesize that Prx 6 exerts the effect in malig-
nant cells found in multiple organs.

uPA is required for Prx 6-induced invasion

The cellular components involved in Prx 6-induced invasion
have not been directly investigated previously. To determine
such components, we utilized the ectopic expression system of
Prx 6, in preference to RNA interference, because the former
modulated invasion-associated events more clearly. Zymogra-
phy and Western blot analyses revealed that Prx 6 transfection
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Fig. 2. Prx 6 promotes cell invasion by inducing uPA. (A) Conditioned media were prepared by incubating the control and Prx 6 transfectants
in serum-free media for 24 h. Samples were analyzed by zymography and Western blotting to compare activities and protein levels of uPA,
MMP-2 and MMP-9. HT-1080 fibrosarcoma cells were used as a positive control. Protein loading of conditioned media was verified via Pon-
ceau S staining of blot filters. (B) Matrigel invasion assays were performed in the presence or absence of the indicated concentrations of amilo-
ride and GM6001. (C) uPA siRNA was introduced into A549 cells. Top, conditioned media prepared and analyzed for uPA levels using West-
ern blotting. Bottom, comparison of cellular invasiveness. *, p < 0.05 versus untreated Prx 6 control, n= 3.
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Fig. 3. p38 kinase mediates the induction of uPA by Prx 6. (A) Control and Prx 6 transfectants were lysed, and the levels of the indicated pro-
teins and phosphorylation were compared by Western blotting. (B) Transfectants were incubated in the presence or absence of inhibitors for
ERK (PD98059, 10 uM), JNK (SP600125, 10 uM), and p38 kinase (PD169316, 10 uM), and degrees of invasiveness were compared. (C)
Conditioned media were prepared under the indicated conditions. Levels of uPA activity and protein were compared. (D) DN-p38 kinase was

introduced into the specified transfectants. Levels of p38 protein as well as uPA activity and expression were compared. (E) Comparison of
invasiveness of the indicated transfectants. *, p < 0.05 versus untreated Prx 6 control, n= 3.

resulted in increased activity and protein levels of uPA but not effect was not observed using the MMP inhibitor, GM6001 (Fig.
of MMP-2 or MMP-9 (Fig. 2A). To determine whether uPA is 2B). Consistent with the effect of amiloride, Prx 6 failed to in-
required for Prx 6-induced invasion, assays were performed in duce cell invasion upon suppression of the levels of uPA via
the presence or absence of amiloride, an inhibitor of uPA. RNA interference (Fig. 2C). Our results suggest that Prx 6 pro-

Amiloride abolished the ability of Prx 6 to trigger invasion. This motes the invasion of A549 cells by increasing uPA levels.
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under diverse experimental settings (Huang et al., 2004; Reddy SR I T IR 1
et al., 2003), their roles in this system were investigated. Prx 6 L& e = = g PD169316
transfection enhanced the phosphorylation levels of the three
members of the kinase family; p38 kinase, ERK, and JNK (Fig. |"" - = ‘P'M“

3A). This is suggestive of their activation. However, Prx 6-
induced invasion was abolished only by a p38 kinase inhibitor
(PD169316) and not by inhibitors of ERK (PD98059) or JNK
(SP600125) (Fig. 3B). While PD98059 and SP600125 consis-
tently failed to affect the ability of Prx 6 to induce uPA, this was
efficiently attenuated using PD169316 (Fig. 3C). To further
confirm the effects of PD169316, a dominant-negative mutant
of p38 kinase (DN-p38 kinase) was introduced into cells. This
treatment abolished the ability of Prx 6 to induce uPA (Fig. 3D),
and, consequently, to promote cell invasion (Fig. 3E). The data
indicate that p38 kinase mediates the induction of uPA by Prx 6.

Role of PI3K and Akt in Prx 6-induced invasion

Prx 6 transfection was additionally associated with increases in
PI3K activity and Akt phosphorylation (Fig. 4A), suggesting
activation of the PI3K-Akt pathway, which promotes cell inva-
sion under various experimental conditions (Bae et al., 2006;
Jiang and Liu, 2008; Samuels and Ericson, 2006). Indeed,
LY294002 (LY), an inhibitor of PI3K, abolished the ability of Prx
6 to induce uPA and promote cell invasion (Fig. 4B). Similar
results were obtained upon introducing DN-PI3K or DN-Akt into
cells (Fig. 4C), suggesting that PI3K and Akt act as additional
mediators of Prx 6-induced uPA accumulation. Given that p38

|---———|Akt

Fig. 5. p38 kinase acts upstream of Akt. A549 transfectants were
treated with LY or PD169316 for 24 h. Cellular levels of Akt and its
phosphorylation were analyzed by Western blotting.

kinase can phosphorylate Akt, thus acting upstream of Akt in a
manner similar to that of PI3K (Cabane et al., 2004; Rane et al.,
2001; Zhang et al., 2001), this hierarchical relationship was
investigated in the present system. In fact, Prx 6-induced phos-
phorylation of Akt was attenuated by LY and PD169316 (Fig. 5),
confirming that both PI3K and p38 kinase act upstream of Akt
in the Prx 6-induced signaling pathway. Similar hierarchical
relationship of these components was reported under other
experimental settings (Cabane et al., 2004; Rane et al., 2001;
Zhang et al., 2001).

Prx 6 action in other lung cancer cell types

To investigate the cell-type specificity of Prx 6 action, an alter-
native lung cancer cell line, H460, was analyzed. Similar to the
data obtained with A549 cells, reduction of Prx 6 levels via RNA
interference led to a decrease in the invasiveness of H460 cells
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Fig. 7. Schematic model outlining the Prx 6-induced signaling
pathway. Prx 6 appears to activate Akt via PISK and p38 kinase:
Akt, in turn, enhances the invasive potential of cells by inducing
uPA.

(Fig. 6A). Moreover, Prx 6 transfection promoted phosphoryla-
tion of p38 kinase and Akt, uPA expression (Fig. 6B), and, con-
sequently, cell invasiveness (Fig. 6C). Furthermore, invasion
induced by Prx 6 was efficiently attenuated by inhibitors for
PI3K, p38 kinase, and uPA. The data collectively suggest that
the ability of Prx 6 to promote invasion via p38 kinase, PI3K,
Akt, and uPA is not confined to a single cell type, but is applica-
ble to multiple types of lung cancer cells.

In conclusion, we have shown that Prx 6 promotes invasion of
lung cancer cells via cellular pathways sequentially involving p38
kinase/PI3K, Akt, and uPA (Fig. 7). These findings provide a
significant step towards elucidating the actions of Prx 6 in cancer.
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ness of H460 cells. (A) Top, control
and Prx 6 siRNAs were introduced
into H460 cells. After 36 h of incuba-
* tion, cellular levels of Prx 6 were com-
pared by Western blotting. Bottom,
comparison of invasiveness of treated
cells. *, p < 0.05 versus control RNA, n
= 3. (B) H460 transfectants were ana-
lyzed for p38 kinase, Akt, and uPA.
(C) Control and Prx 6 transfectants of
H460 cells were incubated with or
without LY (10 pM), PD169316 (10
uM), and amiloride (10 uM), and com-
pared for invasiveness at 24 h of incu-
bation. *, p < 0.05 versus untreated
Prx 6 transfectants, n=3.

=
LY
PD169316

L amiloride
LY

conirol
PD169316
— amileride

control

o
e
-
=1

YVector

ACKNOWLEDGMENTS

This work was supported by Nuclear Research and Development
Program of the Korea Science and Engineering Foundation
grant funded by the Korean government (Ministry of Education
and Science Technology) (M20702020002-08N0202-00210),
and in part by FG08-21-12 of the 21C Frontier Functional Hu-
man Genome Project and by Basic Science Research Program
through the National Research Foundation of Korea funded by
Ministry of Education and Science Technology (R11-2008-014-
01001-0).

REFERENCES

Bae, |.H., Park, M.J., Yoon, S.H., Kang, S.W., Lee, S.S., Choi, KM.,
and Um, H.D. (2006). Bcl-w promotes gastric cancer cell invasion
by inducing matrix metalloproteinase-2 expression via phospho-
inositide 3-kinase, Akt and Sp1. Cancer Res. 66, 4991-4995.

Cabane, C., Coldefy, A.S., Yeow, K., and Derijard, B. (2004). The
p38 pathway regulates Akt both at the protein and transcriptional
activation levels during myogenesis. Cell. Signal. 16, 1405-1415.

Castagna, A., Antonioli, P., Astner, H., Hamdan, M., Righetti, S.C.,
Perego, P., Zunino, F., and Righetti, P.G. (2004). A proteomic
approach to cisplatin resistance in the cervix squamous cell car-
cinoma cell line A431. Proteomics 4, 3246-3267.

Chang, X.Z., Li, D.Q., Hou, Y.F., Wu, J., Lu, J.S., Di, G.H., Jin, W.,
Ou, ZL., Shen, Z.Z., and Shao, Z.M. (2007). Identification of the
functional role of peroxiredoxin 6 in the progression of breast
cancer. Breast Cancer Res. 9, R76.

Chen, W.C., McBride, W.H., lwamoto, K.S., Barber, C.L., Wan,
C.C., Oh, Y.T,, Liao, Y.P., Hong, J.H., De Vellis, J., and Shau, H.
(2002). Induction of radioprotective peroxiredoxin-I by ionizing
irradiation. J. Neurosci. Res. 70, 794-798.

Chung, Y.M,, Yoo, Y.D., Park, J.K., Kim, Y.T., and Kim, H.J. (2001).
Increased expression of peroxiredoxin confers resistance to cis-
platin. Anticancer Res. 21, 1129-1133.

Duffy, M.J. (2002). Urokinase-type plasminogen activator: a potent
marker of metastatic potential in human cancers. Biochem. Soc.
Trans. 30, 207-210.

Egeblad, M., and Werb, Z. (2002). New functions for the matrix
metalloproteinases in cancer progression. Nat. Rev. Cancer 2,
161-174.

Huang, C., Jacobson, K., and Schaller, M.D. (2004). MAP kinase
and cell migration. J. Cell Sci. 117, 4619-4628.

Immenschuh, S., and Baumgart-Vogt, E. (2005). Peroxiredoxins,
oxidative stress, and cell proliferation. Anntioxid. Redox. Signal.
7, 768-777.

Jiang, B.H., and Liu, L.Z. (2008). PIBK/PTEN signaling in tumori-
genesis and angiogenesis. Biochim. Biophys. Acta 1784, 150-



588 Prx 6-Induced Invasion Pathway

158.

Karihtala, P., Mantyniemi, A., Kang, S.W., Kinnula, V.L., and Soini,
Y. (2003). Peroxiredoxins in breast carcinoma. Clin. Cancer Res.
9, 3418-3424.

Kim, D.K., Cho, E.S., Seong, J.K., and Um, H.D. (2001). Adaptive
concentrations of hydrogen peroxide suppress cell death by
blocking the activation of SAPK/UNK pathway. J. Cell Sci. 114,
4329-4334.

Kim, J.H., Bogner, P.N., Ramnath, N., Park, Y., Yu, J., and Park,
Y.M. (2007). Elevated peroxiredoxin 1, but not NF-E2-related
factor 2, is an independent prognostic factor for disease recur-
rence and reduced survival in stage | non-small cell lung cancer.
Clin. Cacner Res. 13, 3875-3882.

Kinnula, V.L., Lehtonen, S., Sormunen, R., Kaarteenaho-Wiik, R.,
Kang, S.W., Rhee, S.G., and Soini, Y. (2002). Overexpression
of peroxiredoxins |, Il, Ill, V, and VI in malignant mesothelioma. J.
Pathol. 196, 316-323.

Kropotov, A., Gogvadze, V., Shupliakov, O., Tomilin, N., Serikov,
V.B., Tomilin, N.V., and Zhivotovsky, B. (2006). Peroxiredoxin V
is essential for protection against apoptosis in human lung car-
cinoma cells. Exp. Cell Res. 312, 2806-2815.

Lee, J.B., Yun, S.J., Chae, H.Z., Won, Y.H., Kim, Y.P., and Lee,
S.C. (2002). Expression of peroxiredoxin and thioredoxin in
dermatological disorders. Br. J. Dermatol. 146, 710-712.

Lee, T.H., Kim, S.U,, Yu, S.L,, Kim, S.H., Park, D.S., Moon, H.B.,
Dho, S.H., Kwon, K.S., Kwon, H.J., Han, Y.H., et al. (2003).
Peroxiredoxin Il is essential for sustaining life span of erythro-
cytes in mice. Blood 701, 5033-5038.

Lee, S.B, Cho, E.S., Yang, H.S., Kim, H., and Um, H.D. (2005a).
Serum withdrawal kills U937 cells by inducing a positive mutual
interaction between reactive oxygen species and phosphoino-
sitide 3-kinase. Cell. Signal. 17, 197-204.

Lee, S.B., Hong, S.H., Kim, H., and Um, H.D. (2005b). Co-induction
of cell death and survival pathways by phosphoinositide 3-
kinase. Life Sci. 78, 91-98.

Lehtonen, S.T., Svensk, A.M., Soini, Y., Paakko, P., Hirvikoski, P.,
Kang, S.W., Saily, M., and Kinnula, V.L. (2004). Peroxiredoxins,
a novel protein family in lung cancer. Int. J. Cancer 111, 514-
521.

Li, D.Q., Wang, L., Fei, F., Hou, Y.F., Luo, J.M., Wei-Chen, Zeng R.,
Wu, J., Lu, J.S., Di, G.H., Ou, ZL., et al. (2006). Identification of
breast cancer metastasis-associated proteins in an isogenic tumor
metastasis model using two-dimensional gel electrophoresis and
liquid chromatography-ion trap-mass spectrometry. Pro-teomics 6,
3352-3368.

Neumann, C.A., Krause, D.S., Carman, C.V., Das, S., Dubey, D.P.,
Abraham, J.L., Bronson, R.T., Fujiwara, Y., Orkin, S.H., and Van
Etten, R.A. (2003). Essential role for the peroxiredoxin Prdx1 in
erythrocyte antioxidant defence and tumour suppression. Nature
424, 561-565.

Orlichenko, L.S., and Radisky, D.C. (2008). Matrix metalloproteinases
stimulate epithelial-mesenchymal transition during tumor devel-
opment. Clin. Exp. Metastasis 25, 593-600.

Park, S.H., Chung, Y.M,, Lee, Y.S., Kim, H.J., Kim, J.S., Chae, H.Z,,
and Yoo, Y.D. (2000). Antisense of human peroxiredoxin Il en-
hances radiation-induced cell death. Clin. Cancer Res. 6, 4915-

4920.

Park, M.T., Choi, J.A.,, Kim, M.J., Um, H.D., Bae, S., Kang, C.M,,
Cho, C.K,, Kang, S., Chung, H.Y., Lee, Y.S,, et al. (2003).
Suppression of extracellular signal-related kinase and activation
of p38 MAPK are two critical events leading to caspase-8- and
mitochondria-mediated cell death in phytosphingosine-treated
human cancer cells. J. Biol. Chem. 278, 50624-50634.

Park, D., Shim, E., Kim, Y., Kim, Y.M., Lee, H., Choe, J., Kang, D.,
Lee, Y.S., and Jeoung, D. (2008). C-FLIP promotes the motility
of cancer cells by activating FAK and ERK, and increasing
MMP-9 expression. Mol. Cells 25, 184-195.

Rane, M.J., Coxon, P.Y., Powell, D.W., Webster, R., Klein, J.B.,
Pierce, W., Ping, P., and McLeish, K.R. (2001). p38 Kinase-
dependent MAPKAPK-2 activation functions as 3-phosphoino-
sitide-dependent kinase-2 for Akt in human neutrophils. J. Biol.
Chem. 276, 3517-3523.

Reddy, K.B., Nabha, S.M., and Atanaskova, N. (2003). Role of
MAP kinase in tumor progression and invasion. Cancer Metas-
tasis Rev. 22, 395-403.

Rhee, S.G., Kang, SW., Chang, T.S., Jeong, W., and Kim, K.
(2001). Peroxiredoxin, a novel family of peroxidases. IUBMB
Life 52, 35-41.

Rhee, S.G., Chae, H.Z, and Kim, K. (2005). Peroxiredoxins: a
historical overview and speculative preview of novel mecha-
nisms and emerging concepts in cell signaling. Free Radic. Biol.
Med. 38, 1543-1552.

Samuels, Y., and Ericson, K. (2006). Oncogenic PI3K and its role in
cancer. Curr. Opin. Oncol. 18, 77-82.

Smith, L., Welham, K.J., Watson, M.B., Drew, P.J., Lind, M.J., and
Cawkwell, L. (2007). The proteomic analysis of cisplatin resis-
tance in breast cancer cells. Oncol. Res. 16, 497-506.

Wang, X., Phelan, S.A., Forsman-Semb, K., Taylor, E.F., Petros, C.,
Brown, A., Lerner, C.P., and Paigen, B. (2003). Mice with tar-
geted mutation of peroxiredoxin 6 develop normally but are sus-
ceptible to oxidative stress. J. Biol. Chem. 278, 25179-25190.

Wang, Y., Feinstein, S.I., Manevich, Y., Ho, Y.S., and Fisher, A.B.
(2006). Peroxiredoxin 6 gene-targeted mice show increased
lung injury with paraquat-induced oxidative stress. Antioxid. Re-
dox. Signal. 8, 229-237.

Wang, Y., Feinstein, S.I., and Fisher, A.B. (2008). Peroxiredoxin 6
as an antioxidant enzyme: protection of lung alveolar epithelial
type Il cells from H,O»-induced oxidative stress. J. Cell. Biochem.
104, 1274-1285.

Wood, Z.A., Schroder, E., Harri, J.R., and Poole, L.B. (2003). Struc-
ture, mechanism and regulation of peroxiredoxins. Trend Bio-
chem. Sci. 28, 32-40.

Yanagawa, T., Ishikawa, T., Ishii, T., Tabuchi, K., lwasa, S., Bannai,
S., Omura, K., Suzuki, H., and Yoshida, H. (1999). Peroxiredoxin |
expression in human thyroid tumors. Cancer Lett. 145, 127-132.

Zhang, Q.S., Maddock, D.A., Chen, J.P., Heo, S., Chiu, C., Lai, D.,
Souza, K., Mehta, S., and Wan, Y.S. (2001). Cytokine-induced
p38 activation feedback regulates the prolonged activation of
Akt cell survival pathway initiated by reactive oxygen species in
response to UV irradiation in human keratinocytes. Int. J. Oncol.
19, 1057-1061.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


