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ABSTRACT

Busulfan (BU) is a unique alkylating agent that primarily targets slowly proliferating or
non-proliferating cells in the body, leading to various normal tissue damage while killing
leukemia cells. However, the mechanism(s) of action whereby BU injures normal cells has not
been well defined and therefore, was investigated in the present study by using the normal
human diploid WI38 fibroblasts as a model system. We found that WI38 fibroblasts incubated
with BU (from 7.5 to 120uM) for 24 h underwent senescence but not apoptosis in a dose-
independent manner, whereas cells incubated with 80uM and 20uM etoposide (Etop) committed
to apoptosis and senescence, respectively. The induction of WI38 cell senescence by Etop was
associated with p53 activation and could be attenuated by down-regulation of p53 using a-
pifithrin (o-PFT) or p53 small interference RNA (siRNA). In contrast, WI38 cell senescence
induced by BU was associated with prolonged activation of extracellular signal-regulated kinase
(Erk), p38 mitogen-activated protein kinase (p38) and c-Jun NH-terminal kinase (JNK), and
could be suppressed by the inhibition of Erk and/or p38 with PD98059 and/or SB203580,
respectively. However, inhibition of p53 with o-PFT or p53 sSsRNA or JNK with SP600125
failed to protect WI38 cells from BU-induced senescence. These findings suggest that BU is a
digtinctive chemotherapeutic agent that can selectively induce normal human fibroblast

senescence through the Erk and p38 pathways.
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INTRODUCTION

Busulfan (BU) is a bifunctional alkylating agent that has been widely used for the
treatment of patients with chronic myel ogenous leukemia and in conditioning regimens prior to
bone marrow transplantation (Buggia et al., 1994; Down and Ploemacher, 1993). Unlike other
commonly used chemotherapeutic agents, BU is unique because it primarily targets slowly
proliferating or non-proliferating cells. As such, it causes various normal tissue injuries while
killing leukemia cells. The common side effects associated with BU treatment include severe
myel osuppression, hepatic venoocclusive diseases, pulmonary fibrosis, hemorrhagic cystitis,
sterility and cataracts, which limit its therapeutic efficacy as an anti-tumor agent (Bishop and
Wassom, 1986; Morgan et a., 1991). However, the mechanism(s) of action by which BU injures
normal tissues has not been well established.

As an akylating agent, it is anticipated that BU can cause DNA alkylation leading to
DNA-DNA and DNA-protein crosslinks (lwamoto et a., 2004; Mertins et al., 2004).
Subsequently, these cross-links may trigger DNA damage responses and cause apoptosis or cell
death through the p53 pathway. However, this mode of action was not supported by our recent
studies (Meng et al., 2003a), where we found that, unlike other chemotherapeutic agents and
ionizing radiation, BU does not induce significant apoptosis but senescence, in one of its primary
targets, e.g. hematopoietic stem cells (HSCs) independent of p53 activation (Meng et al., 2003b).
This finding is consistent with the previous observation showing that no significant increase in
apoptosis was detected in bone marrow biopsies from chronic myelogenous leukemia patients
receiving BU chemotherapy (Thiele et al., 1997). However, it is not known if induction of
senescence is a specific cellular response of HSCs to BU or if it can occur in other normal cells

when the cells are treated with BU. Nor have the molecular pathways mediating BU-induced

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

cellular senescence been defined. Therefore, in the present study we used the normal human
diploid WI38 fibroblasts as a modd system to determine whether BU treatment causes apoptosis
or senescence in WI38 cells and to ducidate the molecular mechanisms by which BU induces
cellular senescence, because extensive knowledge about senescence pathways has been well
delineated using this cell line (Serrano et al., 1997; Iwasa et al., 2003; Beausgour € al., 2003).
The results from our studies show that the response of WI38 cells to BU treatment is
similar to that of HSCs. Both cell types undergo senescence but not apoptosis after exposure to
BU in a dose-independent manner. In contrast, exposure of WI38 cells to a high dose of etopside
(Etop) induces apoptosis and to alow dose of Etop causes senescence, atypical cellular response
to treatment with a cytotoxic chemotherapeutic agent (Han et al., 2002; Rebbaa et al., 2003;
Zheng et al., 2004; Roninson, 2002; Roninson et al., 2001; Robles and Adami, 1998; Robles et
al., 1999). Further investigations reveal that BU induces WI38 senescence independent of p53 as
seen in HSCs (Meng et al., 2003b), whereas Etop relies on the p53 pathway to induce WI138 cell
senescence. However, BU treatment strongly induced extracellular signal-regulated kinase (Erk)
activation followed by sequential activation of p38 mitogen-activated protein kinase (p38 MAPK
or p38) and c-Jun NHy-terminal kinase (JINK) and up-regulation of p16"™** (p16). Inhibition of
Erk and/or p38, but not that of JNK, significantly attenuated the BU-induced increase in
senescence associated [-galactosidase (SA-B-gal) staining, up-regulation of pl6 and
development of senescent morphology, even though neither inhibitor immediately released the
cells from BU-induced growth inhibition. Upon the removal of Erk and/or p38 inhibitors from
the WI138 cells that had been treated with BU, the cells proceeded to cellular proliferation and 5-
bromo-2'-deoxyuridine (BrdU) incorporation, indicating that suppression of Erk and/or p38

inhibits BU-induced senescence. To our knowledge, thisisthe first study demonstrating that BU
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is a distinctive chemotherapeutic agent that can selectively induce cellular senescence in normal

human fibroblasts through the Erk and p38 MAPK pathways.

MATERIALSAND METHODS

Reagents. Selective inhibitors for p53 (a-pifithrin, a-PFT), Erk (PD98059, 2'-amino-3' -
methoxyflavone), p38 (SB203580, 4-[4-fluorophenyl]-2-[4-methylsulfinylphenyl]-5-[4-
pyridyl]1H-imidazole) and JNK (SP600125, 1,9-pyrazoloanthrone) were purchased from
Calbiochem (San Diego, CA). BU, Etop and BrdU were obtained from Sigma (St. Louis, MO).
Antibodies againgt phosphorylated p53 and Erk and those againgt total p53, Erk, p38, JNK and
p21CPYWAFL (h21) were obtained from Cell Signaling (Beverly, MA); anti-phosphorylated p38
and JNK from Promega (Madison, WI1); anti-p-actin from Santa Cruz (Santa Cruz, CA); anti-p16
from BD PharMingen (San Diego, CA); anti-BrdU from Sigma; anti-yH2AX from Upstate (Lake
Placid, NY); goat anti-rabbit 1gG-HRP, rabbit anti-goat 1gG-HRP, Texas Red Dye-conjugated
goat anti-mouse 1gG and FITC-conjugated anti-mouse IgG from Jackson ImmunoResearch
(West Grove, PA).

Cell Culture: WI38 cells (human embryonic lung diploid fibroblasts) originally obtained
from ATCC (Manassas, VA) were cultured in minimum essential medium (MEM; from
Invitrogen, Carlsbad, AC) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and
100 pg/ml streptomycin in a humidified incubator at 37 °C and 5% CO,. Cells at early passages
(<25 passages) were used in all experiments to avoid complications of replicative senescence as
WI38 cells have a mean lifespan about 45-60 population doublings. For the induction of

senescence, cells at about 70% confluence were exposed to varying concentrations of BU (7.5-
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120uM) or Etop (20 or 80uM) for 24 h. The cells were washed once with PBS to remove drug
and re-cultured in fresh medium for various durations as indicated in each experiments.

SIRNA treatment: WI38 cdls were transfected with 20uM scrambled sequence
(SCONTROL Non-Targeting SSIRNA #1) or p53 siRNA (ssGENOME SMART pool reagent for
Human TP53) (Dharmacon, Chicago, Il) using Lipofectamine (Invitrogen) according to the
manufacturer's instructions. Two days after the transfection, they were exposed to either BU
(120uM) or Etop (20uM) as described above.

Analysis of cell proliferation: WI38 cells were seeded in wells of a 24-well plate at
60,000 cells/well and cultured overnight. They were treated with BU for 24 h as described
before, after which the drug was removed and the cells were cultured in fresh medium for up to
11 days. Every 3 days the cells were trypsinized, counted and sub-cultured again in a fresh
medium at 1:5 and 1:2 dilutions for control untreated and BU- or Etop-treated cells, respectively.

Cell cycle analysis: Cdll cycle analysis was down using propidium iodide staining and a
flow cytometer as previously described (Wang et al., 2004).

Analysis of activated caspase 3: WI38 cells were cultured on chamber dlides to sub-
confluence and then exposed to BU or Etop for 24 h. Activation of caspase 3 was determined
using a kit containing the SR-DEVD-FMK-FLICA reagent (Invitrogen) per the manufacturer’s
ingructions. The cells were viewed using an Olympus BX61 fluorescent microscope. Images
were captured with a Hamamatsu C4742-95 digital camera (Hamamatsu Photonics, Japan).
Captured images were processed using Side Book 4.0 Digital Microscopy software (Intelligent
Imaging Innovations, Denver, CA) and displayed using Adobe Photoshop version 6.0 (Adobe

Systems, San Jose, CA).
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SA-S-gal staining: SA-B-gal activity was determined using a SA-B-gal staining kit from
Cdl Signaling according to the manufacturer’s instructions. Senescent cells were identified as
blue-stained cdlls by standard light microscopy and a minimum of 1,000 cells was counted in 10
random fields to determine the percentage of SA-B-gal positive cells.

BrdU incorporation assay: DNA synthesis in control untreated and BU- or Etop-treated
cells was determined by measuring BrdU incorporation into DNA as previously described (Wang
et al., 2004). Images of BrdU and Hoechst 33342 nuclear staining were captured and processed
similarly as to these described above for the analysis of activated caspase 3. To calculate the
percentage of BrdU positive cells, a minimum of 1000 cells was counted in 8 random fields on a
dlide and the number of BrdU positive cells was divided by the total number of cells counted.

Analysis of DNA double strand breaks (DNA DSBs): WI38 cells were cultured on
chamber dides to sub-confluence and then exposed to BU or Etop for up to 24 h. For
determination of DNA DSBs, cells were fixed with ice cold 95% ethanol/5% acetic acid for 5
min, blocked with 3% BSA in TBS for 30 min, incubated with 2ug/ml of anti-phosphorylated
histone 2AX (YH2AX) (at Ser 139) antibody (Upstate) for 1 h and washed three times with TBS.
FITC-conjugated goat anti-mouse secondary antibody was then added and the cells were
incubated in the dark for 1.5 h, rinsed with TBS and counterstained with Hoechst 33342 for
nuclear detection as described previously. The total number of YH2AX foci and number of
YH2AX positive cells were quantified for each treatment by counting a minimum of 1000 cells
from 8 randomly chosen fields and expressed as a percentage of yH2AX positive cells and
average YH2AX foci per cell. The number of YH2AX foci per cell closely correlates to the

number of DNA DSBsinduced in acell (Rogakou et al., 1998; Rogakou et al., 1999).
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Western blot analysis. Lysates of WI38 cells were prepared and analyzed as previously
described (Wang et al., 2004).

Satistical Analysis: The data were analyzed by analysis of variance. In the event that
analysis of variance justified post hoc comparisons between group means, these were conducted
using the Student-Newman-Keulstest for multiple comparisons. For experiments in which only
single experimental and control groups were used, group differences were examined by unpaired
Student's t test. Differences were considered significant at p < 0.05. All of these analyses were

done using GraphPad Prism from GraphPad Software, Inc. (San Diego, CA).

RESULTS
BU induces W1 38 cell senescence but not apoptosis

Exposure of WI38 cedlls to BU for 24 h resulted in a dose-dependent inhibition of cell
proliferation (Fig. 1A). The inhibition was permanent since the growth of BU-treated cells
remained inhibited even though the drug had been removed from the culture for up to 11 days.
The growth inhibition was not due to an induction of apoptosis, since no change in caspase 3
activation (Fig. 1B) and sub-GO/1 cells (Fig. 1C) was observed in WI38 cells that had been
incubated with either a high dose (120uM) or a low dose (30uM) of BU. Instead, the cells were
arrested in the G2/M phase and proceeded to senescence evidenced by the decrease in BrdU
incorporation, appearance of senescent morphology and increase in SA-B-gal staining (Figs. 1C
& D). In contrast, WI38 cells underwent apoptosis after exposure to a high dose of Etop (80uM)
(Fig. 1B and data not shown) and senescence to a low dose of Etop (20uM), respectively (Figs.
1B-D). These findings indicate that the lack of apoptotic response to BU is not due to an

inherited deficiency of the apoptotic machinery in WI38 cells, but suggest that that BU is a
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distinctive chemotherapeutic agent that can selectively induce cellular senescence but not

apoptosisin WI38 cells.

BU induces senescence in WI38 cells via a p53-independent mechanism

Induction of senescence by a chemotherapeutic agent has been largely attributed to the
induction of DNA damage via the p53 pathway (Roninson et al., 2001). BU is an alkylating
agent that can cause DNA-DNA and DNA-protein cross-links (lwamoto et al., 2004; Mertins et
al., 2004). However, whether the cross-links can lead to DNA strand breaks and the subsequent
activation of p53 has not been examined. Histone 2AX (H2AX) phosphorylation is a well-
recognized marker for DNA DSBs (Rogakou et al., 1998; Rogakou et al., 1999). By examining
YH2AX using immunohistochemistry, we investigated the induction of DNA DSBsin WI38 cells
that were exposed to 120uM BU or 20uM Etop. As shown in Fig. 2, treatment of WI38 cells
with either BU or Etop resulted in a time-dependent induction of H2AX phosphorylation, which
peaked around 8 h and completely resolved at 24 h after the treatment. However, 8 h after the
drug treatment the percentage of WI38 cells stained positive for yYH2AX (BU: 35.3% vs. Etop:
74.1%) and average number of YH2AX foci detected in each cell (BU: 5.1 vs. Etop: 14.7) were
significantly lower in BU-treated cells than in Etop-treated cells (p<0.01), indicating that BU isa
less potent inducer of DNA DSBs compared to Etop. Consistent with this finding, exposure of
WI38 cells to Etop induced a more rapid and robust activation of p53 than BU (Fig. 3A).
Specifically, only moderate levels of p53 phosphorylation were detected in BU-treated cells 24 h
after BU treatment, whereas high levels of p53 phosphorylation were found in Etop-treated cells
within 2 h of Etop treatment. However, both BU and Etop treatment induced the expression of

p21 and pl16 and the induction of these cyclin-dependent kinase (CDK) inhibitors has been
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implicated in the initiation and maintenance of cellular senescence (Sharpless and DePinho,
1999; Campisi, 2005).

Next, we investigated if BU induces WI38 fibroblast senescence via the p53 pathway.
WI38 cells were treated with either BU (120uM) or Etop (20uM) in the presence or absence of
20uM o-PFT (a selective p53 inhibitor) (Komarov et al., 1999) for 24 h, upon which the drug
was removed and the cells were cultured continuously with a-PFT for up to 11 days. WI38 cells
treated with BU or Etop alone underwent senescence, as the cells became permanently growth
arrested and exhibited a significant reduction in BrdU incorporation and increase in SA-f-gal
staining at 7 and 11 days after BU or Etop treatment (Figs. 3B-D). The presence of a-PFT in the
medium was able to almost abrogate Etop-induced inhibition of cell proliferation and BrdU
incorporation and increase in SA-B-gal staining in WI38 cells, but it had minimal effect on these
induced by BU. Thisfinding suggests that Etop induces WI38 cell senescence in part via the p53
pathway, whereas BU induces senescence by a p53-independent mechanism. This suggestion
was further supported by the study utilizing p53 small interference RNA (SIRNA) that has the
ability to specifically down-regulate the expression of p53. As shown in Fig. 4, transfection of
WI38 cells with p53 sRNA, but not that with a scrambled sequence sSiRNA, reduced the
expression of p53 as well as its phosphorylation by BU and Etop (Fig. 4A). In addition, p53
siRNA transfection significantly attenuated Etop-induced increase in SA-B-gal staining and
reduction in BrdU incorporation in WI38 cells but had no significant effect on these induced by

BU compared to scrambled ssIRNA-transfected cells.

BU induces senescence in WI38 cells via the Erk and p38 MAPK pathways
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Activation of the MAPK pathways has also been implicated in the induction of cellular
senescence, particularly in response to stress (Haq et al., 2002; Deng et al., 2004; Wang et al.,
2002; Iwasa et a., 2003). The lack of p53 involvement in BU-induced senescence prompted us
to examine if BU induces WI38 cell senescence viathe MAPK pathways. To test this hypothesis,
we first examined if BU activates various MAPKs by analysis of Erk, p38 and JNK
phosphorylation using Western blotting. As shown in Fig. 5, BU treatment elicited an immediate
activation of Erk, while the increases in p38 and JNK phosphorylation occurred 3 days after BU
treatment. The activation of all three MAPKs was sustained for up to 11 days after BU treatment.

To determine if activation of the MAPKs mediates BU-induced senescence in WI38
cells, we selectively inhibited Erk, p38 and JNK with their specific inhibitors PD98059,
SB203580 and SP600125, respectively (Davies et al., 2000). The data presented in Fig. 6A
showed that activation of each of these MAPKs by BU was specifically inhibited by their
respective inhibitor. In addition, inhibition of Erk by PD98059 also suppressed BU-induced
phosphorylation of p38 and JNK; SB203580 attenuated the activation of both p38 and JNK; and
SP600125 only inhibited INK, indicating that BU may cause activation of Erk, p38 and JNK in a
cascading fashion as shown in other studies (Deng et al., 2004; Serrano et a., 1997; Zhu et al.,
1998). Subsequently, we examined if inhibition of individual MAKPs attenuates BU-induced
senescence. For this study, WI38 cells were incubated with BU for 24 h in the presence or
absence of PD98059, SB203580, PD98059 plus SB203580, or SP600125, after which BU was
removed and SA-B-gal staining was performed after the cells were cultured for 7 and 11 days
with the inhibitor(s) that was added to the initial cultures with BU. The results showed that
inhibition of Erk and/or p38 with PD98059 and/or SB203580 significantly inhibited the BU-

induced increase in SA-pB-ga staining (Fig. 6B) and prevented the development of senescent
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morphology in WI38 cells (data not shown), as compared to the cells treated with BU alone.
However, inhibition of INK had no such effect. Correspondingly, inhibition of Erk and/or p38
but not that of INK attenuated the induction of p16 by BU, but none of these inhibitors had any
significant effect on BU-induced p21 expression (Fig. 6A). These findings suggest that activation
of Erk and p38 mediates BU-induced WI38 cell senescence, probably via up-regulation of pl6.
Although INK is also activated by BU, it is not critical to the induction of senescence (Fig. 6B).
However, to our surprise the inhibition of Erk and/or p38 did not immediately release
BU-treated cells from growth inhibition (data not shown), even though the cells were not
senescent judged by the lack of SA-B-gal staining (Fig. 6B), no increase in p16 expression (Fig.
6A) and completely normal cell morphology (data not shown). We postulate that this
paradoxical phenomenon is due to the intimate involvement of the MAPK signaling in normal
cell proliferation (Kyriakis and Avruch, 2001). A prolonged inhibition of Erk and/or p38 along
with abrief exposure to BU may cause atemporary cell cycle arrest, possibly mediated by p21 as
it was up-regulated in these cells (Fig. 6A). As such, the release of the cells from Erk and/or p38
inhibition should allow the cells to resume proliferation if the cells were not senescent. To test
this hypothesis, WI38 cells were cultured with BU in the presence or absence of PD98059,
SB203580, PD98059 plus SB203580, or SP600125 for 24 h. After the removal of BU, the cdlls
were cultured with these inhibitors for 11 days. At thistime, none of the cells incorporated BrdU
even though only the cells treated with BU alone or BU plus SP600125 showed senescent
morphology and SA-B-gal staining. Upon releasing the cells from the inhibition by culturing the
cells in an inhibitor-free medium, the cells treated with BU and PD98059, SB203580, or
PD98059 plus SB203580 started to grow again (Fig. 6C). Three days after the release, these cells

showed normal levels of DNA synthesis measured by BrdU incorporation assay (Fig. 6D).
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However, the cells treated with BU aone or BU plus SP600125 remained growth inhibited and
were unable to incorporate BrdU after SP600125 had been removed from the culture. These
observations reaffirm that activation of Erk and p38 but not that of JINK plays an important role

in mediating BU-induced senescencein WI38 fibroblasts.

DISCUSSION

Treatment of normal human fibroblast cells and certain types of tumor cells (such as
colon cancer cells and neuroblastoma cells) with a cytotoxic chemotherapeutic agent in general
induces apoptosis or senescence in a dose-dependent manner (Han et al., 2002; Rebbaa et al.,
2003; Zheng et al., 2004; Roninson, 2002; Roninson et a., 2001; Robles and Adami, 1998;
Robles et al., 1999). Low dose treatment usually induces premature senescence while high dose
treatment causes apoptosis as shown in WI38 cells treated with Etop. However, BU is unique as
it can selectively induce WI138 cell senescence but not apoptosis in a dose-independent fashion.
This observation is in agreement with our previous finding demonstrating that exposure of
mouse HSCs to ionizing radiation (4 Gy), Etop (2uM) and camptothecin (2uM) induced
apoptosis, whereas exposure of the cells to BU (up to 100uM) failed to induced HSC apoptosis
but effectively inhibited their hematopoietic function (Meng et al., 2003a). Further studies
demonstrate that BU inhibits HSCs primarily by induction of senescence. These findings suggest
that induction of senescence may be a unique response of normal cells to BU, since induction of
apoptosis was observed in various leukemia cells after BU treatment (Hassan et al., 2001;
Schwarz et al., 1999).

Two major pathways have been implicated in the induction of senescence (Campisi,

2005; Serrano and Blasco, 2001; Sharpless and DePinho, 1999; Shay and Wright, 2000;
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Marcotte and Wang, 2002): the p53-p21 pathway triggered by DNA damage or telomere
shortening and the p16- retinoblastoma (Rb) pathway activated by the Ras-Raf-MEK-Erk-p38
cascade (Campis, 2005; Serrano and Blasco, 2001; Sharpless and DePinho, 1999; Shay and
Wright, 2000; Marcotte and Wang, 2002). As an alkylating agent, BU can cause DNA damage
by cross-linking DNAs and DNA and proteins (Buggia et al., 1994; lwamoto et al., 2004;
Mertins et a., 2004). The cross-links may be converted into DNA strand breaks that can
subsequently activate the p53 pathway to induce senescence. To our knowledge, thisis the first
report to demonstrate that BU treatment induces DNA DSBs, evidenced by the increase in
YH2AX staining (Rogakou et al., 1998; Rogakou et a., 1999). However, the percentage of the
cells stained positive for YH2AX and number of yH2AX foci detected in each cell were
significantly lower in BU-treated cdlls than in Etop-treated cells, indicating that BU induces
fewer DNA DSBs than Etop. Moreover, the induction of DNA DSBs by BU failed to dicit an
immediate activation of p53, whereas a rapid and robust activation of p53 was observed in Etop-
treated cells. A moderate level of p53 phosphorylation was found in WI38 cells at 3 days after
BU treatment. However, this activation may not be attributable to DNA damage since at that
time YH2AX was no longer detectable in the cdls. Instead, the activation of p53 may be
triggered by p38 that was also activated in the cells by that time and has the ability to
phosphorylate p53 (Bulavin et al., 1999; She et al., 2000). Even this moderately delayed
activation of p53 seems to play an insignificant role in BU-induced cellular senescence, since
inhibition of p53 activity by a p53 specific inhibitor (o-PFT) or down-regulation of p53
expression using SsIRNA had no significant effect on BU-induced senescence in WI38 cells. In
contrast, inhibition of p53 activity by the same means was able to greatly reduce the induction of

senescence by Etop. This finding suggests that BU may induce cellular senescence via a p53-
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independent mechanism. This suggestion is in agreement with our previous observation that the
induction of HSC senescence by BU was not associated with an elevation in p53 activity and p21
expression (Meng et al., 2003b).

Alternatively, BU may induce WI38 cell senescence by activation of the MAPK
pathways. Three major MAPK pathways have been implicated in the regulation of cellular
senescence in vertebrates (Hag et al., 2002; Deng et al., 2004; Wang et al., 2002; Iwasa €t al.,
2003). All of them were sequentially activated in WI38 cells by BU: an immediate activation of
Erk followed by the activation of p38 and JNK 3 days after BU treatment. The activation of p38
and JNK was down-stream of Erk, asinhibition of Erk prevented p38 and JNK phosphorylation.
However, the delayed activation of p38 and JNK by BU suggests that p38 and JNK are not direct
targets of Erk but rather activated indirectly by Erk through ayet to be defined mechanism (Haq,
et al., 2002; Deng et al., 2004; Iwasa et al., 2003). A similar sequential activation of Erk and p38
was also observed in the cells ectopically transfected with Ras and Raf oncogenes that induce
premature senescence in fibroblasts (Deng et al., 2004; Serrano et al., 1997; Zhu et al., 1998).
Therefore, we further examined if specific inhibition of Erk, p38 and/or JINK can attenuate BU-
induced senescence in WI38 cells. The results showed that inhibition of Erk and/or p38, but not
that of JNK, significantly suppressed BU-induced WI38 cell senescence. These findings are in
agreement with previous observations that Ras-induced fibroblast senescence is mediated by the
cascading activation of the Erk and p38 pathways and that constitutive activation of p38 induces
fibroblast senescence (Deng et al., 2004; Serrano et al., 1997; Zhu et al., 1998). However,
inhibition of Erk and/or p38 did not immediately restore cell division after BU treatment. The
cell proliferation resumed only after the removal of Erk and/or p38 inhibition, suggesting that

continuous inhibition of Erk and/or p38 may prevent BU-treated cells from re-entering the cell

16

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

cycle even though Erk and/or p38 inhibition effectively suppresses BU-induced senescence in
the cells. In addition, this phenomenon suggests that the induction of temporary cell cycle arrest
and senescence by BU in WI38 cells may be mediated by different mechanisms. The induction
of temporary cdll cycle arrest is likely mediated by up-regulation of p21, probably in an Erk-p38-
independent manner; whereas the induction of senescence may be attributable to the increased
expression of pl16 resulting from Erk and/or p38 activation. This suggestion is supported by the
finding that BU-treated WI38 cells had normal cell morphology and lack of SA-B-gal staining
and pl16 up-regulation under continuous Erk and/or p38 inhibition, but showed a dight increase
in p21 expression. Upon release from Erk and p38 inhibition, the cells proceeded to synthesize
DNA and undergo cell division. A similar finding was also observed in ataxia telangiectoasia
fibroblasts (Naka et al., 2004). It was shown that in ataxia telangiectoasia fibroblasts the
temporary cell growth arrest induced by ionizing radiation or H,O, was mediated by the
activation of p53 and induction of p21, while activation of the Erk-p38 pathways and subsequent
up-regulation of p16 led to the induction of senescence in the cells (Naka et al., 2004).

The mechanisms by which BU activates the Erk-p38 pathways have yet to be elucidated.
The activation of Erk and p38 may result from cross-linking of plasma membrane proteins due to
protein alkylation by BU (Buggia et al., 1994; Iwamoto et al., 2004). Alternatively, BU could
activate p38 by increasing oxidative stress due to depletion of intracellular glutathione (DelLeve
and Wang, 2000; Hassan et al., 2002). When p38 is activated by BU treatment, it can up-regulate
the expression of pl16 to induce cell cycle arrest and cellular senescence (Iwasa et al., 2003; Deng
et a., 2004; Haqg et al., 2002; Wang et a., 2002). In addition, activation of p38 can activate p53
or inactivation of cdc25 phosphatase (Bulavin et al., 1999; Bulavin et al., 2001; Wang et a.,

2000; She et al., 2000). Activation of p53 in turn induces p21. Induction of p21 and inactivation
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of cdc25 phosphatase can cause G1 and G2/M cdll cycle arrest, respectively (Bulavin et dl.,
2001; Wang et al., 2000). It has yet to be determined whether induction of p21 and inactivation
of cdc25 phosphatase play any role in BU-induced cellular senescence in WI38 cells.

In summary, the data presented in this study demonstrate that BU is a distinctive
chemotherapeutic agent. It can selectively induce cellular senescence in normal cells, but
apoptosis in leukemia cells as shown in previous studies (Hassan et al., 2001; Schwarz et al.,
1999). The induction of normal cell senescence is independent of BU-induced DNA damage and
p53 activation but relies on the Erk and p38 MAPK pathways. Induction of senescence may
contribute to BU-induced normal tissue damage in several different ways. First, when a cell,
especialy if it isastem cell such as HSC, become senescence, they cannot proliferate to generate
progeny that are normally required for the maintenance of normal tissue homeostasis and for the
repair of damage tissues by a cytotoxic chemotherapeutic agent. Moreover, senescent cells secret
increased levels of pro-inflammatory cytokines, matrix metalloproteinases, and epithelial growth
factors that are known to participate in the pathogenesis of pulmonary fibrosis and other normal
tissue injuries (Campisi, 2005). Therefore, a better understanding of the mechanism by which
BU and other alkylating agents induce normal cell injury would be beneficial to the effort of
developing new therapeutics that could be more effective in depleting leukemia cells while

limiting its toxicity to normal tissues.

Acknowledgments: The authors thank Dr. Ling Wei and Miss. Riley Whitaker for their
generous help in microscopy, Mr. Richard Peppler for flow cytometric analysis (Hollings Cancer
Center Flow Cytometry Core Facility) and Drs. Dennis Watson and Bradley Schulte for their

critical review of the manuscript.

18

202 ‘02 |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

REFERENCES
Beausgour CM, KrtolicaA, Galimi F, NaritaM, Lowe SW, Yaswen P, and Campisi J (2003)
Reversal of human cellular senescence: roles of the p53 and p16 pathways. EMBO J. 22:4212-

4222.

Bishop JB and Wassom JS (1986) Toxicological review of busulfan (Myleran). Mutat.Res.

168:15-45.

Buggial, Locatelli F, Regazzi MB, and ZeccaM (1994) Busulfan. Ann.Phar macother. 28:1055-

1062.

Bulavin DV, Higashimoto Y, Popoff 1J, Gaarde WA, Basrur V, Potapova O, Appella E, and
Fornace AJ, Jr. (2001) Initiation of a G2/M checkpoint after ultraviolet radiation requires p38

kinase. Nature 411:102-107.

Bulavin DV, Saito S, Hollander MC, Sakaguchi K, Anderson CW, Appella E, and Fornace AJ,

Jr. (1999) Phosphorylation of human p53 by p38 kinase coordinates N-terminal phosphorylation

and apoptosisin responseto UV radiation. EMBO J. 18:6845-6854.

Campis J (2005) Senescent cdlls, tumor suppression, and organismal aging: good citizens, bad

neighbors. Cell 120:513-522.

19

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

Davies SP, Reddy H, Caivano M, and Cohen P (2000) Specificity and mechanism of action of

some commonly used protein kinase inhibitors. Biochem.J. 351:95-105.

Deleve LD and Wang X (2000) Role of oxidative stress and glutathione in busulfan toxicity in

cultured murine hepatocytes. Phar macol ogy 60:143-154.

Deng Q, Liao R, Wu BL, and Sun P (2004) High intensity ras signaling induces premature
senescence by activating p38 pathway in primary human fibroblasts. J.Biol.Chem. 279:1050-

1059.

Down JD and Ploemacher RE (1993) Transient and permanent engraftment potential of murine
hematopoietic stem cell subsets: differential effects of host conditioning with gamma radiation

and cytotoxic drugs. Exp.Hematol. 21:913-921.

Han Z, Wel W, Dunaway S, Darnowski JW, Calabresi P, Sedivy J, Hendrickson EA, Balan KV,
Pantazis P, and Wyche JH (2002) Role of p21 in apoptosis and senescence of human colon

cancer cellstreated with camptothecin. J.Biol.Chem. 277:17154-17160.

Haq R, Brenton JD, Takahashi M, Finan D, Finkielsztein A, Damaraju S, Rottapel R, and Zanke

B (2002) Congtitutive p38HOG mitogen-activated protein kinase activation induces permanent

cell cycle arrest and senescence. Cancer Res. 62:5076-5082.

20

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

Hassan Z, Hassan M, and Hellstrom-Lindberg E (2001) The pharmacodynamic effect of busulfan

in the P39 myeloid cell linein vitro. Leukemia 15:1240-1247.

Hassan Z, Hellstrom-Lindberg E, Alsadi S, Edgren M, Hagglund H, and Hassan M (2002) The
effect of modulation of glutathione cellular content on busulphan-induced cytotoxicity on

hematopoietic cellsin vitro and in vivo. Bone Marrow Transplant. 30:141-147.

Iwamoto T, Hiraku Y, Oikawa S, Mizutani H, Kojima M, and Kawanishi S (2004) DNA
intrastrand cross-link at the 5'-GA-3' sequence formed by busulfan and itsrole in the cytotoxic

effect. Cancer Sci. 95:454-458.

Iwasa H, Han J, and Ishikawa F (2003) Mitogen-activated protein kinase p38 defines the

common senescence-signalling pathway. Genes Cells 8:131-144.

Komarov PG, Komarova EA, Kondratov RV, Christov-Tsdkov K, Coon JS, Chernov MV, and
Gudkov AV (1999) A chemical inhibitor of p53 that protects mice from the side effects of cancer

therapy. Science 285:1733-1737.

Kyriakis IM and Avruch J (2001) Mammalian mitogen-activated protein kinase signal

transduction pathways activated by stress and inflammation. Physiol Rev. 81:807-869.

Marcotte R and Wang E (2002) Replicative senescence revisited. J.Gerontol .A Biol.Sci.Med.<ci.

57:B257-B269.

21

202 ‘02 |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

Meng A, Wang Y, Brown SA, Van Zant G, and Zhou D (2003a) Ionizing radiation and busulfan
inhibit murine bone marrow cell hematopoietic function via apoptosi s-dependent and -

independent mechanisms. Exp.Hematol. 31:1348-1356.

Meng A, Wang Y, Van Zant G, and Zhou D (2003b) lonizing radiation and busulfan induce

premature senescence in murine bone marrow hematopoietic cells. Cancer Res. 63:5414-5419.

Mertins SD, Myers TG, Holbeck SL, Medina-Perez W, Wang E, Kohlhagen G, Pommier Y, and
Bates SE (2004) In vitro evaluation of dimethane sulfonate analogues with potential alkylating

activity and selective rena cell carcinoma cytotoxicity. Mol.Cancer Ther. 3:849-860.

Morgan M, Dodds A, Atkinson K, Szer J, Downs K, and Biggs J (1991) The toxicity of

busulphan and cyclophosphamide as the preparative regimen for bone marrow transplantation.

Br.J.Haematol. 77:529-534.

Naka K, Tachibana A, Ikeda K, and Motoyama N (2004) Stress-induced premature senescence in

hTERT-expressing ataxia telangiectasa fibroblasts. J.Biol.Chem. 279:2030-2037.

Rebbaa A, Zheng X, Chou PM, and Mirkin BL (2003) Caspase inhibition switches doxorubicin-

induced apoptosis to senescence. Oncogene 22:2805-2811.

22

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

Robles SJ and Adami GR (1998) Agentsthat cause DNA double strand breaks lead to p16INK4a

enrichment and the premature senescence of normal fibroblasts. Oncogene 16:1113-1123.

Robles SJ, Buehler PW, Negrusz A, and Adami GR (1999) Permanent cell cycle arrest in
asynchronously proliferating normal human fibroblasts treated with doxorubicin or etoposide but

not camptothecin. Biochem.Pharmacol. 58:675-685.

Rogakou EP, Boon C, Redon C, and Bonner WM (1999) M egabase chromatin domains involved

in DNA double-strand breaksin vivo. J.Cdll Biol. 146:905-916.

Rogakou EP, Pilch DR, Orr AH, lvanova VS, and Bonner WM (1998) DNA double-stranded

breaks induce histone H2AX phosphorylation on serine 139. J.Biol.Chem. 273:5858-5868.

Roninson IB (2002) Tumor senescence as a determinant of drug response in vivo. Drug

Resist.Updat. 5:204-208.

Roninson IB, Broude EV, and Chang BD (2001) If not apoptosis, then what? Treatment-induced

senescence and mitotic catastrophe in tumor cells. Drug Resist.Updat. 4:303-313.

Schwarz Y X, Yang M, Qin D, Wu J, Jarvis WD, Grant S, Burton GF, Szakal AK, and Tew JG

(1999) Follicular dendritic cells protect malignant B cells from apoptosis induced by anti-Fas

and antineoplastic agents. J.Immunol. 163:6442-6447.

23

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

Serrano M and Blasco MA (2001) Putting the stress on senescence. Curr.Opin.Cell Biol. 13:748-

753.

Serrano M, Lin AW, McCurrach ME, Beach D, and Lowe SW (1997) Oncogenic ras provokes

premature cell senescence associated with accumulation of p53 and p16INK4a. Cell 88:593-602.

Sharpless NE and DePinho RA (1999) The INK4A/ARF locus and its two gene products.

Curr.Opin.Genet.Dev. 9:22-30.

Shay JW and Wright WE (2000) Hayflick, hislimit, and cellular ageing. Nat.Rev.Mol.Cédll Biol.

1:72-76.

She QB, Chen N, and Dong Z (2000) ERKs and p38 kinase phosphorylate p53 protein at serine

15 in response to UV radiation. J.Biol.Chem. 275:20444-20449.

Thiele J, Zirbes TK, Lorenzen J, Kvasnicka HM, Dresbach S, Manich B, Leder LD, Niederle N,
Diehl V, and Fischer R (1997) Apoptosis and proliferation (PCNA labelling) in CML--a
comparative immunohistological study on bone marrow biopsies following interferon and

busulfan therapy. J.Pathol. 181:316-322.

Wang W, Chen JX, Liao R, Deng Q, Zhou JJ, Huang S, and Sun P (2002) Sequential activation

of the MEK-extracellular signal-regul ated kinase and M KK 3/6-p38 mitogen-activated protein

24

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

kinase pathways mediates oncogenic ras-induced premature senescence. Mol.Cell Biol. 22:3389-

3403.

Wang X, McGowan CH, Zhao M, He L, Downey JS, Fearns C, Wang Y, Huang S, and Han J
(2000) Involvement of the MKK6-p38gamma cascade in gamma-radiation-induced cdll cycle

arrest. Mol.Cell Biol. 20:4543-4552.

Wang Y, Meng A, and Zhou D (2004) Inhibition of phosphatidylinostol 3-kinase uncouples

H202-induced senescent phenotype and cell cycle arrest in normal human diploid fibroblasts.

Exp.Cell Res. 298:188-196.

Zheng X, Chou PM, Mirkin BL, and Rebbaa A (2004) Senescence-initiated reversal of drug

resistance: specific role of cathepsin L. Cancer Res. 64:1773-1780.

Zhu J, Woods D, McMahon M, and Bishop JM (1998) Senescence of human fibroblasts induced

by oncogenic Raf. Genes Dev. 12:2997-3007.

25

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

Footnotes:

This study was supported in part by grants (RO1CA102558 and RO1CA86688) from the National
Institutes of Health and a grant (GC-3319-05-4498CM ) from the Department of Defense through
the Hollings Cancer Center to Dr. Daohong Zhou. This work was also supported by the National
Institutes of Health, Grant Number CO6RR014516 from the Extramural Research Facilities
Program of the National Center for Research Resources. Dr. Yong Wang is a recipient of an

Abney Foundation Postdoctoral Fellowship.

Address correspondence and reprint requests to:

Daohong Zhou, MD

Department of Pathology, Medical University of South Carolina, 165 Ashley Ave., Suite 309,
PO Box 250908, Charleston, SC 29425

Tel: (843)792-7532; Fax: (843)792-0368; e-mail: zhoud@musc.edu

26

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 1, 2006 as DOI: 10.1124/jpet.106.107771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#107771

FIGURE LEGENDS

Fig. 1. BU induces WI138 cell senescence but not apoptosis in a dose-dependent manner.
WI38 cells were treated with various concentrations of BU or Etop for 24 h and then cultured in
drug-free media. Untreated WI138 cells served asacontrol. A. The number of cells was counted
regularly for 11 days and data are presented as mean + SD of triplicates to establish cell growth
curves. B. After 24 h incubation in fresh media, activated caspase 3 was detected using the SR-
DEVD-FMK-FLICA reagent (Green) and nuclei were counterstained with Hoechst (Blue). C.
After 7 days of culturein drug-free media, untreated (Control), BU-treated and Etop-treated cells
were fixed in 70% ethanol and stained with Pl and then assayed by flow cytometry to establish a
cell cycle profile (top pandl); assayed for BrdU (Red) incorporation by immunohistochemistry
and counterstained with Hoechst (Blue) (second panel); visualized under a phase contrast
microscope to show changes in cell morphology (third panel); or imaged via bright field
microscopy after SA-B-gal staining (bottom panel). D. SA-B-gal positive cells were quantified
for each treatment after counting a minimum of 1000 cells from 10 randomly chosen fields and

the data are presented as mean £ SEM (n = 3). * p< 0.01 vs. control.

Fig. 2. BU and Etop induce DNA DSBs in WI-38 cells. WI38 cells were treated with either
BU or Etop for 0-24 h. After treatment, cells were fixed and stained with anti-yH2AX antibody
(Green) to detect DNA DSBs. Cedls were counterstained with Hoechst (Blue) for nuclear
detection. Cells exposed to ionizing radiation (IR, 10 Gy) served as a positive control. Merged
images of yYH2AX and Hoechst staining are presented to demonstrate that H2AX
phosphorylation occurred exclusively at nuclear sites after treatment. A. Representative images

observed via fluorescent microscopy are shown. B & C. Eight h after BU or Etop treatment, the
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number of yH2AX-positive cells and total number of yH2AX foci were quantified for each
treatment by counting a minimum of 1000 cells from 8 randomly chosen fields and expressed as
a percentage of YH2AX positive cells and average YH2AX foci per cell. The data are presented as

mean = SEM (n=3). a, p< 0.05t0 0.0001 vs. control; b, p<0.05t0 0.01 vs. IR or Etop.

Fig. 3. BU and Etop induce W138 cell senescence in a p53-independent and p53-dependent
manner, respectively. A. Cdl lysates were prepared from WI38 cells that were treated with
BU or Etop for 0, 0.5, 1, 2, 4, 8, 16, or 24 h or treated with either drug for 24 h and then cultured
in fresh mediafor 3, 5, 7, or 11 days. Cell lysates from untreated WI38 cells served as a control
(C). Western blot analyses were used to detect the levels of phosphorylated p53 (P-p53) and
p53, p21 and p16 in the cell lysates. Actin was utilized as aloading control. Similar results were
observed in at least two additional experiments. B. WI38 cells were cultured with BU or Etop in
the presence or absence of a-PFT (20 uM). After 24 h of incubation, BU and Etop were removed
and then the cells were continuously cultured with o-PFT for up to 11 days by changing the
medium with freshly made a-PFT every 3 days. Periodically, the cells were counted and data are
presented as mean = SD of triplicates to generate cell growth curves. C & D. WI38 cells were
treated similarly as described in B but stained for SA-p-gal or assayed for BrdU incorporation,
respectively, 7 and 11 days after treatment with BU or Etop and quantified as described before.
The data are presented as mean £ SEM (n = 4). A two-way ANOVA analysis revealed that o-
PFT significantly attenuated the inhibitory effect of Etop on WI-38 cdl growth and BrdU
incorporation and Etop-induced increase in SA-B-gal staining (p< 0.01) but had no significant

effects on those induced by BU (p> 0.05).
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Fig. 4. Down-regulation of p53 by SsRNA has no effect on senescence induced by BU but
inhibits that induced by Etop. A. WI38 cells were pre-incubated with 20uM of either
scrambled sequence (SCR) or p53 siRNA for 48 h and then either untreated (Control) or treated
with BU (120 uM) or Etop (20 uM) for 24 h. The levels of phosphorylated p53 (P-p53) and total
p53 were measured by Western blots. Actin was utilized as aloading control. B & C. WI38 cell
were treated as described in A but cultured for additional 7 days after the removal of BU or Etop
from the media. SA-B-gal staining and BrdU incorporation were assayed as described before.
The data are presented as mean = SEM (n = 6 for B and 4 for C). A two-way ANOVA analysis
revealed that p53 sSIRNA significantly attenuated the effects of Etop (p< 0.05 or 0.01,
respectively) but not those of BU on BrdU incorporation and SA-B-gal staining in WI38 cells (p>

0.05).

Fig. 5. BU activates Erk, p38 and JINK MAPKsin WI38 cells. Cell lysates were prepared
from WI38 cells that were treated with BU (120uM) for 0, 0.5, 1, 2, 4, 8, 16, or 24 h or treated
with BU (120 uM) for 24 h and then cultured in fresh mediafor 3, 5, 7, or 11 days. Cell lysates
from untreated WI38 cells served as a control (C). Western blot analyses were used to detect the
levels of phosphorylated (P-Erk, P-p38 and P-JNK) and total Erk, p38 and JNK in the cell

lysates. Similar results were observed in at least two additional experiments.

Fig. 6. Inhibition of Erk and p38 but not that of JNK attenuates BU-induced senescence in
WI138 cells. WI38 cells were pretreated with vehicle (V), SB203580 (SB, 1uM), PD98059 (PD,
50uM), a combination of SB + PD, or SP600125 (SP, 20uM) for 30 min, after which they were

incubated with BU. After 24 h incubation, BU was removed and then the cells were continuously
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cultured with these inhibitors for up to 11 days by changing the medium with freshly made
inhibitor(s) every 3 days. Untreated WI38 cells served as a control (C). A. A lysate was made
for each treatment 3 days after BU treatment and assayed by Western blot for total and
phosphorylated-Erk, p38 and JNK and for pl6, p21 and actin. B. SA-B-gal staining was
guantified 7 and 11 days after treatment with BU as described before. C & D. WI38 cells were
released from Erk, p38 or INK inhibition 7 days after BU treatment by culturing the cellsin fresh
medium containing no inhibitor(s). Cell proliferation was determined 1, 3, 5 and 7 days after the
release of the cells from Erk, p38 or JNK inhibition and BrdU incorporation was determined 3
days after the release. The data are presented as mean + SEM (n = 4). A one-way ANOVA
analysis revealed that PD, SB and PD/SB significantly attenuated the effects of BU (p< 0.01) on
BrdU incorporation and SA--gal staining in WI38 cells whereas SP had no significant effect on

the changes induced by BU (p> 0.05).
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