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Abstract
Intracellular reactive oxygen species (ROS) were attenuated by the expression of peroxiredoxin II (Prx II). Cellular senescence
as judged by senescence-associated (SA)-b-galactosidase (Gal) positive cell formation was increased in Prx II-deficient mouse
embryonic fibroblast (MEF). Ras expression was increased following passages. The level of Ras expression was higher in Prx
II2/2 MEF than wild type MEF. ERK activity was also augmented by the deletion of Prx II. SA-b-Gal-positive cell formation
was reduced by PD98059, ERK inhibitor. Activated nuclear transcription factor, nuclear factor-kappaB (NFkB) by the
deletion of Prx II was inhibited by the treatment with PD98059. In contrast, no changes in SA-b-Gal-positive cell formation
were detected by NFkB inhibitor, N-alpha-tosyl-L-phenylalanyl chloromethyl ketone (TPCK). Collectively, results suggest
that Prx II deletion activate Ras–ERK–NFkB pathways and cellular senescence in Prx II2/2 MEF cells was mediated by ERK
activation but not by NFkB activation.
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Abbreviations: ROS, reactive oxygen species; ERK, extracellular receptor kinase; MEF, mouse embryonic fibroblast; Prx II,
peroxiredoxin II; SA-b-Gal, senescence-associated-b-glactosidase; SOD, superoxide dismutase; SEAP, secreted alkaline
phosphatase; MBP, myelin basic protein; PMA, phorbol 12-myristate 13-acetate; TPCK, N-alpha-tosyl-L-phenylalanyl
chloromethyl ketone; NFkB, nuclear factor kappaB; EMSA, electrophoretic mobility shift assay; IOM, ionomycin

Introduction

Cellular senescence is defined as the process of cell

cycle which accompanies the exhaustion of replicative

potential [1]. Senescent cells remain metabolically

active, display characteristic changes in cell mor-

phology, physiology and gene expression, and typically

exhibit an up-regulation in the activity of senescence-

associated (SA)-b-galactosidase (Gal) [2–4]. Senes-

cent cells are unable to express genes required for

proliferation but express late G1 genes due to

repression of E2F-1, leading to a deficiency of E2F

activity [5,6].

Reactive oxygen species (ROS) induce cellular

senescence, and senescent cells are known to have

higher levels of ROS than normal cells [7,8]. ROS is

reduced by enzymatic antioxidants such as gluta-

thione, glutathione peroxidase (GPx), catalase, thio-

redoxins (Trx), superoxide dismutase (SOD) and

peroxiredoxins (Prxs). SOD1 knock-down induces

senescence in human fibroblasts [9], and GPx12/2

mouse embryonic fibroblast (MEF) display senescent-

like features [10]. X-Gal-reactive senescent cells are

vigorously formed in Prx II2/2 MEF cells, which is

strongly correlated with G2/M arrest and extracellular

signal regulated kinase (ERK) activation [11].

It has been reported that ERK signal might activate

nuclear factor-kappaB (NFkB) in various cellular

system [12–14]. NFkB and ERK contribute to the
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survival of the irradiated cell. NFkB and ERK as anti-

apoptotic factors could lead to the inhibition of

apoptosis and, consequently, to increased mutageni-

city. Both NFkB and ERK show a fluctuation in their

levels with time [12]. Glycated albumin activates

RAW cell ERK and promotes ERK-dependent

increases in TGF-b production, oxidative stress and

NFkB activation [13]. In JB6 cells, both ERK/Fra-1

and NFkB activity is essential for the transformation

response. Inhibition of NFkB and AP-1 activity

abrogates transformation in JB6 cells as well as in

transgenic mice and human keratinocytes [14].

However, little has been known about whether ERK

activate NFkB in Prx II-deleted MEF cells.

NFkB family consists of five members: NFkB1

(p105/p50), NFkB2 (p100/p52), RelA (p65), RelB

and c-Rel. The activity of NFkB is primarily

controlled at the post-translational level [15,16]. In

unstimulated cells, NFkB exists in an inactive state in

the cytoplasm complexed with the inhibitory protein

called inhibitory factor kappa B (IkB). Upon

activation, IkB undergoes phosphorylation and degra-

dation. NFkB-heterodimer is translocated into the

nucleus where it binds to DNA and activates

transcription [17]. De novo synthesis of new IkB

proteins occurs after its phosphorylation and degra-

dation by IkB kinase (IKK) and then IkB enters the

nucleus, dissociates NFkB from DNA, and again

inactivates NFkB [18].

Several reports have shown that ROS are involved in

the activation of NFkB [19,20]. ROS and other free

radicals can activate AP-1 and NFkB transcription

coordinately [14]. NFkB could take part in the

occurrence of senescence by generating an oxidative

stress via the induction of MnSOD [21]. The up-

regulation of constitutive nuclear NFkB binding

activity and increased levels of nuclear p52 and p65

proteins might affect the expression of some NFkB

target genes in the aging liver [22]. Little is known

about whether NFkB could be activated by ROS

produced in Prx II–null MEF cells.

Here, we studied whether ERK signal activates

NFkB and whether ERK–NFkB pathway plays a role

on inducing cellular senescence in Prx II–null MEF

cells. Data suggest that NFkB could be activated by

ERK but it does not affect senescent cell formation in

MEF cells.

Materials and methods

Mice and chemicals

Wild type and Prx II-deficient mice with 129/SvJ

background were maintained in the pathogen-free

authorized facility in Korea Research Institute of

Bioscience and Biotechnology (KRIBB) where the

temperature at 20–228C, the humidity 50–60% and

the 12 h-dark/light cycles were maintained. All animal

procedures were conducted in accordance with the

guidelines of the institutional Animal Care and Use

Committee, KRIBB. The genotyping of animals was

performed as described in Ref. [23]. PD98059 and

SB203580 were purchased from Calbiochem (La

Jolla, CA, USA). Anti-phospho-Erk anti-Ras, anti-

cytin Bl, anti-cytin A antibodies were purchased from

Santa Cruz Biotechnology Inc. (Santa Cruz, CA,

USA). Unless indicated, chemicals were purchased

from Sigma Chemical Company (St Louis, MI, USA).

Preparation of mouse embryo fibroblast (MEF)

MEF were prepared with 13.5-day embryos derived

from Prx IIþ/2 mice mated each other. Head, tail and

viscera were removed, the remain body was minced

and dispersed in 0.25% trypsin/EDTA and incubated

in a 5% CO2 at 378C for 30min. Then, the large

fragments were removed and the cell suspension was

plated in 10 cm plates and incubated at 378C until

confluent.

Cell culture

MEF cells were maintained in Dulbecco’s modified

Eagle medium (DMEM supplemented with 10% fetal

bovine serum (FBS), L-glutamine and penicillin/

streptomycin. The cells were incubated in a 5% CO2

at 378C. For the inhibition of ERK and p38 activity,

MEF cells were treated with 5mM PD98059 and

5mM SB203580, respectively.

Senescence-associated (SA)-b-galactosidase (Gal)

staining

Cells were washed with PBS (pH 7.2–7.4) and fixed

with 0.5% glutaraldehyde in PBS for 5min at room

temperature. Then, cells were washed twice with PBS

and incubated at 378C (no CO2) with fresh SA-b-Gal

stain solution [1mM/ml X-Gal, 5mM potassium

ferricyanide, 5mM potassium ferrocyanide, 40mM

sodium phosphate (12.0% Na2HPO4 and 88.0%

NaH2PO4 pH 6.0), 150mM NaCl, 2mM MgCl2]

[2]. Staining was evident in 2–4 h and maximal in

12–16 h. SA-b-Gal positive cells were detected and

counted by light microscopy.

Measurement of NFkB activity

NFkB activation was measured by the transfection

with pNFkB–secreted alkaline phosphatase (SEAP)

(BD Biosciences, Palo Alto, CA, USA). pNFkB–

SEAP is designed for monitoring the activation of

NFkB signal transduction pathway. pNFkB–SEAP

contains the SEAP reporter gene. This vector also

contains four tandem copies of the NFkB consensus

sequence fused to a TATA-like promoter region from

the Herpes simplex virus thymidine kinase promoter.
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After endogenous NFkB proteins bind to the kappa

(k) enhancer element (kB4) transcription is induced

and the reporter gene is activated. The secreted

SEAP enzyme can be assayed directly from the

culture medium using Great EscAPe Chemiluminea-

cence Detection Kits (BD Biosciences Clontech, Palo

Alto, CA, USA). Chemilumineacence was

measured by luminometer (Perkin Elmer, Wellesely,

MA, USA).

RT-PCR

RNA was isolated from MEF cells at each passage

using TRIZOL (Invitrogen, Carlsbad, CA, USA).

cDNA was synthesized from 1mg of total RNA, using

oligo dT18 primers and superscript reverse transcrip-

tase in a final volume of 21ml (Bioneer, Taejeon,

Korea). For standard PCR, 1ml of the first strand

cDNA product was then used as a template for PCR

amplification with Taq DNA polymerase (Bioneer,

Taejeon, Korea). PCR amplification proceeded as

follows: 30 thermocycles of 948C for 30 s, 558C

for 30 s, and 728C for 30 s, using oligonucleotides

specific for p16 (sense, atg ggt cgc agg ttc ttg gtc ac;

anti-sense, cta tgc ccg tcg gtc tgg gcg a), p21 (sense,

gtc caa tcc tgg tga tgt cc; anti-sense, gtt ttc ggc cct gag

atg t), p53 (sense, cac agt cgg ata tca gcc tcg a; anti-

sense, gcc cca ctt tct tga cca ttg t) and Gapdh (sense,

tcc acc acc ctg ttg ctg ta; anti-sense, acc aca gtc cat gcc

atc ac).

Western blot analysis

Cellswere lysed in ice-cold lysis buffer containing 0.5%

Nonidet P-40 (v/v) in 20mM Tris–HCl (pH 8.3);

150mMNaCl; protease inhibitors (2mg/ml aprotinin,

pepstatin and chymostatin; 1mg/ml leupeptin and

pepstatin; 1mM phenylmethyl sulfonyl fluoride

(PMSF); and 1mM Na4VO3. Lysates were incubated

for 30min on ice before centrifugation at 14,000 rpm

for 5min at 48C. Proteins in the supernatant were

denatured by boiling for 5min in sodium dodecyl

sulfate (SDS) sample buffer. Proteins were separated

by 12% SDS-polyacrylamide gel electrophoresis

(SDS-PAGE), transferred to nitrocellulose mem-

branes. Following transfer, equal loading of protein

was verified byPonceau staining.Themembraneswere

blocked with 5% skimmilk in Tris-buffered saline with

Tween 20 (TBST) (10mM Tris–HCl, pH 7.6;

150mM NaCl; 0.5% Tween 20) and incubated with

the indicated antibodies, polyclonal cyclin A (1:5000),

and cyclin B1 (1:5000), phospho-ERK (1:1000), Ras

(1:1000) and monoclonal tubulin (1:5000). Bound

antibodies were visualized with HRP-conjugated

secondary antibodies with the use of enhanced

chemiluminescence (ECL) (Pierce, Rockford, IL,

USA).

ERK activity assay

About 200mg proteins of cell lysates were incubated

with anti-phospho-ERK antibodies (Santa Cruz

Biotechnology Inc) at 48C overnight. Then, phospho-

ERK proteins were concentrated with protein A/G

agarose (Santa Cruz Biotechnology Inc, Santa Cruz,

CA, USA) at 48C for 2 h. ERK activity was measured

with MAP kinase assay kit (Upstate, Charlottesville,

VA,USA) according to themanufacturer’s instruction.

Briefly, 10ml of Mg2þ /ATP cocktail and 10ml of

Assay Dilution Buffer I (ADBI) including 2mg/ml

dephosphorylated myelin basic protein (MBP) were

added to the immunoprecipitated protein then,

incubated for 30min in a 308C shaking incubator.

About 10ml of the reaction mixture was mixed with

4ml of 5X sample buffer and 6ml of Tris-buffered

saline (TBS) then, separated in SDS-PAGE. Proteins

were transferred to nitrocellulose membrane and

immuno-blotted with anti-phospho-MBP antibodies

(clone P12).

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared as described pre-

viously in Ref. [24]. The protein content of the

nuclear extracts was determined using a Bio-Rad

protein assay kit according to the manufacturer’s

instruction (Amersham Nioaciences UL, Ltd). The

oligonucleotide sequence for NFkB was 50-gatctca-

gaggggactttccgagaga-30 [25]. Double-stranded oligo-

nucleotides were end-labeled with [g-32P]-ATP.

Nuclear extracts (5mg) were incubated with 2mg of

poly (dI–dC) and a 32P-labeled DNA probe, and

DNA binding activity was analyzed using a 5%

polyacrylamide gel. After electrophoresis, the gel was

dried and subjected to autoradiography. The speci-

ficity of binding was examined by competition with an

unlabeled oligonucleotide.

Statistical analyses

Experimental differences were tested for statistical

significance using ANOVA and Students’ t-test. P

value of ,0.05 or ,0.01 was considered to be

significant.

Results

Cellular senescence is enhanced by the deletion of Prx II

gene

Prx II gene-deleted mice were generated by the

technology of gene recombination. MEF cells

prepared from Prx II2/2 mice did not express Prx II

[23]. The intracellular ROS level was higher in the

Prx II2/2 MEF cells than in the wild type cells [11].

In comparison with the wild type, the number of

SA-b-Gal-positive cells increased due to the deletion

Y.-H. Han et al.1184
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of Prx II from the fifth passage to the nineth

(Figure 1(A)). SA-b-Gal-positive cells were appeared

from the third-day after the culture initiation of MEF

cells and increased time-dependently by seventh-day

(Figure 1(B)). It demonstrates that Prx II2/2 MEF

cells senesce at a higher rate following passages and

incubation days compared to wild type MEF cells.

Cell cycle was arrested and cells are metabolically

active but not grow and various molecules were

changed in senescent cells [3,26]. To confirm the

increased cellular senescence in Prx II-deficient MEF

cells, the changes of various senescence-associated

molecules were investigated by Western blot analysis

and RT-PCR. Previous reports demonstrated p53,

p16 and a broad-acting cyclin-dependent kinase

inhibitor, p21 increased in senescent cells [3,27,28].

Cell cycle regulators, p53, p16 and p21 were increased

in Prx II2/2 MEF cells (Figure 1(C)) as compared to

wild type MEF cells. Cyclin A and B1 expression was

also increased in Prx II2/2 MEF cells as compared to

wild type MEF (Figure 1(D)). This is the reflection of

earlier cell cycle arrest by the deletion of Prx II [11],

which is resulted in a higher percentage of SA-b-Gal-

positive cells.

Activation of Ras–ERK–NFkB pathways by the deletion

of Prx II

We have reported that ERK was activated in Prx II2/2

MEF cells and the increased cellular senescence in

the Prx II2/2 MEF was mediated by p38 and ERK

activation [11]. Based on that cellular senescence

increased by Ras expression and Ras activates MAPK

pathways [29,30], we evaluated Ras expression in wild

type and Prx II2/2 MEF cells following passages.

Figure 2(A) showed that Ras was increased from the

third passage to the seventh. Ras level was higher in Prx

II2/2 MEF than wild type MEF cells. In accordance

to this, Higher ERK activity was detected in Prx II2/2

MEF cells. ERK activity was measured by immuno-

precipitation with anti-phospho-ERK antibodies and

incubation with MBP. ERK activity was correlated

with the intensity of phospho-MBP band. ERK

activity was inhibited by the incubation with

PD98059, ERK inhibitor (Figure 2(B)). PD98059

also inhibited SA-b-Gal-positive cell formation in

both MEF cells. The percentage of inhibition by

PD98059 was much greater in Prx II2/2 MEF cells

than wild type MEF (Figure 3). Data suggest that

Figure 1. Cellular senescence was enhanced by the deletion of Prx II gene. (A) MEF cells were cultured for the examination of SA-b-Gal

activity. SA-b-Gal-positive cells were colored blue by incubating with X-gal, substrate. SA-b-Gal-positive cells were measured every other

passage at the third, fifth, seventh or nineth passage. (B) MEF cells at the fourth passage were cultured and SA-b-Gal-positive cells were

measured every other day from the first to the seventh. Data were mean of three independent MEF clones. (C) RNA was purified fromMEF

cells at the third, fifth, seventh and nineth passage with the method described in materials and methods. Transcripts of p16, p21, p53 and

GAPDHwere detected with oligonucleotides described in materials andmethods. (D) Cells lysates were prepared fromMEF cells at the third,

fifth, seventh and nineth passage. Cell cycle-related proteins were detected by western blot analysis. *, p , 0.05; **, p , 0.01; significant as

compared to wild type control at each passage or at each day.
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Ras/ERK pathway was activated in Prx II2/2 MEF

cells.

ERK-mediated NFkB activation

NFkB plays multiple functions in various cell types

including cell survival [15,17,31]. In a certain cell,

ERK activated NFkB [12–14]. We evaluated whether

ERK activation leads to nuclear translocation of

NFkB in Prx II2/2 MEF cells. NFkB activation was

measured by SEAP assay in pNFkB–SEAP-trans-

fected MEF cells in the presence or absence of

PMA/ionomycin (IOM). Higher SEAP activity was

detected in Prx II2/2 MEF cells compared to wild

type MEF (Figure 4(A)). This was correlated with the

increased degradation of IkBa (Figure 4(B)). NFkB

activation was also examined by DNA binding activity

using electrophoretic mobility shift assay (EMSA). We

showed our experimental control data to EMSA using

unlabeled NFkB probe and mutant NFkB probe in

our previous report [32]. DNA binding activity of

NFkB was higher in Prx II2/2 MEF compared to wild

type MEF cells (Figure 4(C)). PD98059 inhibited

DNA binding activity of NFkB in Prx II2/2 MEF.

PD98059 also inhibited the degradation of IkBa and

nuclear translocation of p65 (Figure 5). The p38

kinase-mediated NFkB activation is more often in

various cell systems than ERK-mediated NFkB

activation [33–35]. Our previous report showed p38

kinase activation in Prx II2/2 MEF cells [11]. So, we

also used SB203580, p38 kinase inhibitor to see

whether p38 kinase activates NFkB in Prx II2/2 MEF

cells. Results showed that SB203580 reduced NFkB

activation in Prx II2/2 MEF cells. However, although

MEF cells were treated with N-alpha-tosyl-L-pheny-

lalanyl chloromethyl ketone (TPCK), which has been

known as an inhibitor to IkB phosphorylation [31], no

inhibition was found in SA-b-Gal-positive cell

formation (Figure 6). Data suggest that cellular

senescence is, in large part, reflected through ERK

activation but not by NFkB activation.

Discussion

The senescence of MEF cells was induced by high

oxygen concentrations [36]. Several antioxidant

enzymes were reported to be involved in cellular

senescence. SOD1 or Gpx1 protects cells from cellular

senescence [9,10]. Oxidative stress via the induction

of MnSOD occurred senescence [21]. Prx II-deletion

augmented cellular senescence in MEF cells through

ERK and p38 activation. The deletion of Prx II

increased ROS production and SA-b-Gal-positive cell

formation. Results suggest that ERK is an important

common enzyme in the cellular senescence and skin

aging [11].

It is well-known that ROS activate NFkB [19,37–

41]. In addition, NFkB activation is associated with

cellular senescence and aging [42]. Phosphorylation

of ERK and IkB in T cells lead to the up-modulation

of c-Jun, c-Fos, Egr-1 and NFkB transcription factors

Figure 2. Cellular senescence was accompanied by the increase of

Ras protein and ERK activation. (A)MEF cell lysates were prepared

from wild type (WT) or Prx II2/2 MEF cells at the third, fifth,

seventh and nineth passage. Following passages, cell lysates were

separated by Western blot for the detection of Ras protein. Fold

expression was numerically indicated under each band. (B) MEF

cells lysates were prepared and incubated with ERK inhibitor,

PD98059 for 30min at 378C. Phospho-ERK proteins were

concentrated with protein A/G agarose. ERK activity was

measured with MAP kinase assay kit described in materials and

methods. Phosphorylation of ERK in cell lysate and MBP was

detected by Western blot analysis.

Figure 3. Cellular senescence was inhibited by the treatment with

PD98059. Wild type (WT) and Prx II2/2 MEF cells were treated

with PD98059 (2mM). Medium containing PD98059 was freshly

changed everyday. SA-b-Gal-positive cells were measured every

other day from first to seventh. Data were mean of three

independent MEF clones. *, p , 0.05; significant as compared to

wild type control at each day. #, p , 0.05; significant as compared to

PD98059-untreated control at each day.
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[43]. However, a little is known regarding ERK–

NFkB activation on cellular senescence. Here, we

investigated whether ERK activation affects ROS-

induced NFkB activation then, cellular senescence.

We prepared MEF cells with 13.5-day embryos.

Cellular senescence of each MEF passage was

assessed by measuring senescence-associated (SA)-

b-Gal activity with a substrate, X-Gal. The result of

this evaluation indicated that the number of SA-b-

Gal-positive cells was passage-dependently and day-

dependently increased in both Prx II2/2 and wild type

MEF. SA-b-Gal-positive cell formation was increased

by the deletion of Prx II. Prx II-deletion also

augmented ERK activity, resulting in NFkB acti-

vation. However, no changes in SA-b-Gal-positive cell

formation were detected by NFkB inhibitor, TPCK.

A few possibilities are to explain no effect on SA-b-

Gal-positive cell formation by TPCK. ERK can

activate other transcription factor, such as AP-1

[43,44]. ROS and other free radicals can activate

AP-1 and NFkB transcription coordinately [14].

It implicates that the inhibition of only NFkB is not

sufficient to suppress SA-b-Gal-positive cell for-

mation. IKK contains IKKa, IKKb and IKKg.

TPCK may not inhibit the phosphorylation by all

IKK but by one of IKK, IKKa or IKKb. So, it is

possible for NFkB activation by different IKK to show

the different effect on cellular senescence. This is

required to be cleared in the next study.

Figure 5. PD98059 inhibit NFkB activation in Prx II2/2 cells.

Cytosol and nuclear extracts were prepared from Prx II2/2 MEF

cells treated or untreated with inhibitors, SB203580 (SB) or

PD98059 (PD). IkBa degradation and nuclear translocation of p65

were detected byWestern blot analysis. EMSAwas performed by the

method described in materials and methods to detect the changes of

NFkB activation. Arrows indicate NFkB bound 32P radio-labeled

NFkB probe.
Figure 4. NFkB was activated by the deletion of Prx II gene. (A)

Wild type (WT) and Prx II2/2 MEF cells were transfected with

pNFkB–SEAP. Secreted SEAP activity in the presence or absence

of PMA (500nM)/IOM (1mM) was measured with Great EscAPe

Chemilumineacence Detection Kits described in materials and

methods. (B) and (C) Cytosol and nuclear extract were prepared

from MEF cells at the third and seventh passage. IkBa degradation

was detected byWestern blot analysis. EMSA described in materials

and methods was performed to detect NFkB activation. Arrows

indicate NF-kB bound 32P radio-labeled NFkB probe. *, p , 0.05;

significant as compared to wild type control.

Figure 6. No changes on cellular senescence were detected by

NFkB inhibition. Wild type (WT) and Prx II2/2 MEF cells were

treated with N-alpha-tosyl-L-phenylalanyl chloromethyl ketone

(TPCK, 450nM) for 5 or 7 days. Medium containing TPCK was

freshly changed everyday. SA-b-Gal-positive cells were measured

every other day from the first passage to the seventh. Data were

mean of three independent MEF clones. *, p , 0.05; significant as

compared to wild type control.
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Cellular senescence accompanies cell cycle arrest

and the reduced apoptosis [11]. Apoptosis rate was

lower in Prx II2/2 MEF than wild type MEF. These

are consistent with other reports on Prx II-deleted

cells. RBC in Prx II-deleted mice has been reported to

contain Heinz bodies, which is resulted in splenome-

galy [23]. Prx II gene-deleted thymus was notably

enlarged and exhibited a higher level of thymocytes,

which are resulted from the reduced apoptosis [45].

In conclusion, although the mechanisms have yet to

be fully defined, data indicate that Prx II is one of the

major regulators in the control of cellular senescence.

Results for the first time suggest that Prx II might

inhibit the activation of Ras–ERK–NFkB signaling

pathways. It also suggests that cellular senescence in

Prx II2/2 MEF cells was mediated by Erk activation

but not by NFkB activation.
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