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Asbestos causes pulmonary toxicity in part by generating reactive
oxygen species that cause DNA damage. We previously showed
that the mitochondria-regulated (intrinsic) death pathway medi-
ates alveolar epithelial cell (AEC) DNA damage and apoptosis. Be-
cause p53 regulates the DNA damage response in part by inducing
intrinsic cell death, we determined whether p53-dependent tran-
scriptional activity mediates asbestos-induced AEC mitochondrial
dysfunction and apoptosis. We show that inhibitors of p53-depen-
dent transcriptional activation (pifithrin and type 16-E6 protein)
block asbestos-induced AEC mitochondrial membrane potential
change (A¥m), caspase 9 activation, and apoptosis. We demon-
strate that asbestos activates p53 promoter activity, mRNA levels,
protein expression, and Bax and p53 mitochondrial translocation.
Further, pifithrin, E6, phytic acid, or p°-A549 cells (cells incapable of
mitochondrial reactive oxygen species production) block asbestos-
induced p53 activation. Finally, we show that asbestos augments
p53 expression in cells at the bronchoalveolar duct junctions of rat
lungs and that phytic acid prevents this. These data suggest that
p53-dependent transcription pathways mediate asbestos-induced
AEC mitochondria-regulated apoptosis. This suggests an important
interactive effect between p53 and the mitochondria in the patho-
genesis of asbestos-induced pulmonary toxicity that may have broader
implications for our understanding of pulmonary fibrosis and lung
cancer.
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Asbestos is a naturally occurring group of mineral silicate fibers
that cause pulmonary and pleural fibrosis, lung cancer, and meso-
thelioma by mechanisms that are not fully established (1, 2).
Alveolar epithelial cell (AEC) apoptosis is one important early
event implicated in the pathogenesis of pulmonary fibrosis from
a variety of agents, including asbestos (1-3). Asbestos fibers
are internalized by AEC soon after exposure, resulting in the
production of reactive oxygen species (ROS), DNA damage,
and apoptosis (1, 2). We previously showed that mitochondria-
derived ROS mediate asbestos-induced AEC DNA damage and
apoptosis via the mitochondria-regulated (intrinsic) death path-
way (4-6). Electron spin resonance trapping methods have also
demonstrated that iron derived from the asbestos fibers augment
the formation of the highly reactive hydroxyl radical in the pres-
ence of H,0, and a reducing agent (7). However, the molecular
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mechanism by which asbestos-induced AEC DNA damage trig-
gers mitochondrial dysfunction and apoptosis is unclear.

The tumor suppressor protein p53, a transcriptional factor
that is critically involved in the DNA damage cellular response,
causes mitochondrial dysfunction and apoptosis. Activated p53
affects numerous genes that inhibit cell growth to allow time for
DNA repair and, if DNA damage is extensive, augment apopto-
sis in part by the mitochondria-regulated death pathway (8-10).
A normal functioning p53 response after exposure to DNA dam-
aging agents prevents mutations from accumulating. The most
common mutations in human tumors involve the p53 gene family
members (8, 9). One mechanism by which p53 regulates apopto-
sis involves activating the mitochondria-regulated death pathway
by increasing gene expression of pro-apoptotic stimuli (e.g.,
BAX, PUMA, and others) while inhibiting the expression
of anti-apoptotic Bcl-2 family members (8-10). There is also a
transcriptional-independent mechanism by which DNA damag-
ing agents trigger an initial rapid mitochondrial p53 translocation
(within 60 min) and an early wave of apoptosis (10). The DNA
binding domain of wild-type p53 protein interacts with Bcl-xl
to promote Bax/Bak-induced outer mitochondrial membrane
permeabilization. Tumor-derived pS3 mutants that block the in-
teraction between p53 and Bcl-xl cause a “double hit” on the
mitochondria-regulated apoptotic pathway by preventing the
transcriptional-dependent and direct mitochondrial affects of p53
(9, 10). A mechanistic link between mitochondria-derived ROS
and p53-induced apoptosis has recently been suggested (11).
Further, p53 DNA binding is blocked by metal chelators and is
augmented by reducing agents (12, 13). It is unknown whether
any of these mechanisms are involved with mediating asbestos-
induced pulmonary toxicity or AEC apoptosis.

Altered p53 expression is implicated in the pathophysiology
of pulmonary fibrosis, including that caused by asbestos expo-
sure, and asbestos-associated malignancies. Increased p53 pro-
tein expression occurs in the bronchiolar and alveolar epithelium
of humans with idiopathic pulmonary fibrosis and in rodents
exposed to asbestos (14-16). It is established that asbestos in-
duces p53 and p21 expression in lung epithelial and mesothelial
cells and that this results in cell cycle arrest (17-19). Crocidolite
asbestos induces p53 gene mutations predominantly in exons 9
through 11 in BALB/c-3T3 cells (20). Further, p53 levels accumu-
late in lung cancers of patients with asbestosis (21, 22). Collec-
tively, these data suggest that p53 has an important pathophysio-
logic role in regulating the lung epithelial cell DNA damage
response after exposure to asbestos.

Given these findings, we reasoned that p53 mediates asbestos-
induced AEC apoptosis by the mitochondria-regulated death
pathway. We show that inhibitors of p53-dependent transcription
completely block asbestos-induced reductions in AEC mito-
chondrial membrane potential change (AWm), caspase 9 activa-
tion, and apoptosis. Furthermore, asbestos increases A549 cell
pS3 promoter activity, mRNA levels, protein expression, and
mitochondrial translocation of p53 and Bax, and these effects
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are prevented by inhibitors of p53-dependent transcription. A
role for mitochondrial-derived ROS is suggested by our findings
that iron chelators block asbestos-induced p53 promoter activity
and protein expression and that p53 promoter activity is reduced
in p’-A549 cells that are incapable mitochondrial ROS produc-
tion. Finally, we show that an iron chelator attenuates asbestos-
induced p53 expression in distal alveolar cells in a rat model of
asbestosis. Taken together, these data suggest that p5S3 mediates
asbestos-induced AEC mitochondrial dysfunction and apoptosis
and suggest that iron-derived ROS from the mitochondria have
an important role in activating p53.

MATERIALS AND METHODS

Asbestos and Reagents

Amosite asbestos fibers were Union International Centere le Cancer
reference standard samples supplied by Dr. Timbrell as described (23).
All reagents were purchased from Sigma (St. Louis, MO) unless other-
wise noted.

Cell Culture

A549 cells, which are human malignant cells with some features of
alveolar epithelial type II cells (AT2), and a wild-type p53 (24), were
obtained from the American Type Culture Collection (Rockville, MD).
A549-E6 and A549-vector cells were a gift from Dr. K. J. Russell
(University of Washington School of Medicine, Seattle, WA). p"-A549
cells were prepared as previously described (6). In general, A549 cells
were plated in 6-well plates at a seeding density of 1 X 10° and grown to
confluence over 24 h in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS while in a humidified 37°C incubator containing
5% CO,. To limit cell proliferation, the media was changed to Dulbecco’s
modified Eagle’s medium with 0.5% FBS for an additional 24 h. Primary
rat AT2 cells were by obtained by elastase digestion as described (4-6).

Mitochondria Assays

AEC A¥m and caspase 9 activation were assessed as previously de-
scribed by our laboratory (5). Briefly, AEC AWm was based upon the
percentage difference in the ratio of tetramethylrhodamine ethyl ester
and mitotracker green fluorescence corrected for the background fluo-
rescence as previously defined (5). Caspase 9 activity was assessed by
a commercially available fluorometric assay kit (Roche Diagnostics,
Indianapolis, IN) according to the manufacturer’s protocol using a
fluorescent microplate reader and normalized to the total protein con-
centration as determined by the Bio-Rad (Hercules, CA) protein assay.
In some experiments, inhibitors of p53 transcription (pifithrin), an iron
chelator (phytic acid or deferoxamine), or an antioxidant (sodium ben-
zoate) were added before fiber exposure.

Apoptosis Assays

Asbestos-induced A549 cell apoptosis was assessed by terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine-5'-triphosphate-biotin
nick end labeling (TUNEL)-stained nuclear morphology and DNA
fragmentation (Roche Diagnostics) assays as previously described
(4-6). TUNEL-stained cells were assessed under a fluorescent micro-
scope by an investigator who was blinded to the experimental protocol.

Western Analysis

Western blots were done by conventional techniques using primary
antibodies to p53 and bax (Cell Signaling Technology, Beverly, MA)
and horseradish peroxidase-conjugated secondary antibody (Cell Sig-
naling Technology). For localization studies, we separated the total
cellular protein into the mitochondrial and the cytosolic fractions using
an Apoalert fractionation kit (BD Biosciences Clontech, Palo Alto,
CA). The same blots were stripped and probed with antibodies to beta
tubulin (1:1,000) (Santa Cruz Biotechnologies; Santa Cruz, CA) or
cytochrome oxidase IV (1:1,000) (COXIV; Cell Signaling Technology)
to verify equal loading of cytosolic or mitochondrial protein, respec-
tively. The protein bands were visualized by enhanced chemilumines-
cence reaction (Amersham Biosciences, Indianapolis, IN).

p53 Luciferase Promoter Assay

A549 cells were transfected cells with a p53 promoter—luciferase con-
struct (BD Biosciences, San Jose, CA) using Lipofectamine (Invitrogen
Life Technologies, Carlsbad, CA). Transfection efficiency was normal-
ized to renilla luciferase activity, which remained consistent under all
conditions studied (data not shown).

Quantitative Analysis of mMRNA by Real-Time RT-PCR

Total RNA was extracted from treated cells using an RNAquos 4-PCR
kit (Ambion, Austin, TX) following the manufacturer’s instructions.
The amount of RNA was measured spectrophotometrically by the ab-
sorbance at 260 nm. An aliquot of the total RNA (2 pg) was reverse-
transcribed to cDNA by Retroscript-MMLYV reverse transcriptase and
stored at —20°C until use. The oligonucleotide primers used for the
detection of cDNA specific for p53 and the ribosomal subunit 18s were
derived from sequences available from the GeneBank databases using
the Primer3 software (Whitehead Institute for Biomedical Research,
Cambridge, MA). The forward and reverse PCR primer sequences for
RT-PCR gene expression analysis include p53 forward 5'-GTG GTT
TCA AGG CCA GAT GT-3', p53 reverse 5'-GGC CCA CTT CAC
CGT ACT AA-3', 18s forward 5'-AAA CGG CTA CCA CAT CCA
AG-3’, and 18s reverse 5'-CCT CCA ATG GAT CCT CGT TA-3".
A 1-ml aliquot of first-strand cDNA or H,O (as a negative control)
was put into Bio-Rad Cycler with 1 ml of 20 pM primer for target DNA
and 18 ml of mixture of SYBRgreen PCR reaction mix (Bio-Rad).
Various concentrations of standard sample cDNA were also used to
construct a standard curve. Real-time RT-PCR assay was carried out
under the following conditions: 10 min at 95°C and 40 cycles of 95°C
for 10s,59.8°C for 30 s, and 72°C for 40 s. The melt curve was performed
after final amplification by increasing the temperature to 95°C over 1
min, decreasing to 55°C over 1 min, and increasing 0.5°C every 10 s to
a final temperature of 95°C. The standard curve was shown as a straight
line of linear regression with cycle number versus log-concentration
of standard samples. This standard curve was used to estimate the
concentration of each sample. The relative expression of p53 was nor-
malized to the expression value of the 18s product using the comparative
threshold method as previously described (25).

Immunofluorescence and Confocal Microscopy

A549 cells were grown on chamber slides, treated with asbestos for
24 h, washed, and incubated with 1 pM Mitotracker Red (Molecular
Probes) to stain mitochondria. The slides were rinsed three times with
PBS, fixed with cold 99.8% methanol for 15 min at —20°C, rehydrated
twice with PBS, and blocked with 1% BSA for 10 min at 25°C. The
cells were incubated overnight with a specific antibody (p53 or Bax;
Cell Signaling), rinsed extensively with PBS, and incubated with a FITC
secondary antibody for 1 h at 25°C in the dark. To visualize nuclear
DNA, we used DAPI staining. The cells were rinsed successively with
PBS, distilled water, and ethanol and mounted on a microslide. Visual-
ization was performed using an Axioskop2 plus (Carl Zeiss Microimag-
ing, Inc., Thornwood, NY) fluorescence microscope coupled to a color
charge-coupled device camera or to Confocal Microradiance (Bio-Rad)
equipment. The images were digitized with Metamorph, Lasershap2000
version 4, Adobe Photoshop version 7.0, Adobe Illustrator version 10
(Adobe Systems, Inc., Beaverton, OR), and Microsoft PowerPoint SP-2
software (Microsoft Corp., Redmond, WA).

Immunohistochemistry

To determine whether asbestos induces p53 activation to cells at the
bronchoalveolar duct junctions, we used archived paraffin-embedded
lungs from a rat model of asbestosis previously described by our labora-
tory (26) using a mouse monoclonal p53 primary antibody (DAKO
Corporation, Carpentaria, CA). The Animal Care and Use Committee
approved our rat model of asbestosis.

Statistical Analysis

The results of each experimental condition were determined from the
mean of triplicate trials. The data are expressed as mean = SE. A two-
tailed Student’s ¢ test was used to assess the significance of differences
between two groups. ANOV A was used when comparing more than two
groups; differences between two groups within the set were analyzed by
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a Fisher’ s protected least significant difference test. Probability values
< 0.05 were considered significant.

RESULTS

Pifithrin Blocks Asbestos-Induced AEC Mitochondrial
Dysfunction and Apoptosis

To determine whether p53-dependent transcription is important
in mediating asbestos-induced AEC mitochondrial dysfunction
and apoptosis, we assessed the protective effects of pifithrin
(30 uM for 24 h), a well described p53 inhibitor that blocks
p53 DNA binding (27). We used human A549 cells, which are
malignant cells with AT2-like features and a wild-type p53 func-
tion (24), and nonmalignant, primary, isolated rat AT2 cells.
Pifithrin completely blocks asbestos-induced A549 cell mito-
chondrial dysfunction, as assessed by reductions in AWm, and
apoptosis, as assessed by TUNEL staining (Figure 1). Similar
protective effects with pifithrin were noted with our positive control,
doxorubicin, which causes apoptosis via a p53-dependent mecha-
nism (28). Moreover, pifithrin prevents asbestos-induced apo-
ptosis and caspase 9 activation in primary rat AT2 (Table 1).
Collectively, these findings suggest that pS3-dependent transcrip-
tion has an important role in mediating asbestos-induced AEC
mitochondrial dysfunction and apoptosis.

E6-Transfected A549 Cells Prevents Asbestos-Induced
Mitochondrial Dysfunction and Apoptosis

To further study the role of pS3 in mediating asbestos-induced
AS549 cell mitochondrial dysfunction and apoptosis, we used
AS549-E6 cells that were transfected with a plasmid expressing
the human papillomavirus (HPV) type 16 E6 protein (A549-E6
cells), which blocks p53 function by targeting it for ubiquitin-
dependent proteolytic degradation (24). A549-E6 cells have a
functionally inactive p53 gene product and lose the G1 check-
point control necessary for radiation-induced cell cycle arrest
(24). As expected, A549-empty vector control cells exposed to
asbestos resulted in dose-dependent mitochondrial dysfunction
(Figures 2A and 2B) and apoptosis (Figure 2C). In contrast,
AS549-E6 cells nearly completely blocked asbestos-induced alter-
ations in mitochondrial function and apoptosis (Figure 2). These
findings in AS549-E6 cells along with the pifithrin data noted
previously support a role for pS3-dependent transcription in
mediating AEC mitochondria-regulated apoptosis after asbestos
exposure.

Asbestos Increases A549 Cell p53 Promoter Activity and mRNA
Expression: Inhibition by Pifithrin, Iron Chelators, a Free
Radical Scavenger, A549-E6 Cells, or p°-A549 Cells

To determine whether asbestos augments p53 promoter activity,
we used a luciferase reporter plasmid assay. As compared with

TABLE 1. PIFITHRIN BLOCKS ASBESTOS-INDUCED AT2
CELL APOTOSIS AND CASPASE 9 ACTIVATION*

DNA
TUNEL Fragmentation Caspase 9
(% positive cells (fold control at (% control RU
Condition at 24 h) 24 h) at 24 h)
Control 2.6 £0.6 1.0+0 100 = 0
Pifithrin (30 pM) 4.1 +0.8 0.9 +0.3 110 =10
Doxorubicin (500 ng/ml) 60.6 + 4.6" 52 =+1.7t 240 + 30t
Asbestos (25 pg/cm?) 39.9 = 2.0f 4.3 = 1.0 200 + 30t
Pifithrin + doxorubicin 25.7 + 2.0™ 1.9 £ 0.2% 140 = 107
Pifithrin + asbestos 18.0 = 1.9¢ 1.3 +0.3* 130 + 20%

*n = 6 for each group.
f P < 0.05 versus control.
# P < 0.05 versus doxorubicin or asbestos.

controls, asbestos increased p53 promoter activity by ~ 160% as
early as a 1 h and persisted at 24 h (~ 190% increase) (Table 2).
The levels noted at 24 h with asbestos were comparable to our
positive control, doxorubicin (189% increase; P < 0.05 versus
control). To determine whether iron-derived ROS mediate
asbestos-induced p53 promoter activity, the cells were treated
for 25 min with an iron chelator (phytic acid [S00 pM] or deferox-
amine [1 mM]) or sodium benzoate (100 uM), a free radical
scavenging agent, and exposed to asbestos for 24 h. We pre-
viously showed that each of these agents inhibits asbestos-
induced ROS generation, AEC mitochondrial dysfunction, and
apoptosis (4-6). Each of the inhibitors caused negligible changes
in baseline p53 promoter activity as compared with control (RLU
[n = 4]: control 7,062 *+ 511; deferoxamine 6,785 * 612; sodium
benzoate 9,793 = 187; phytic acid 5,923 = 500). Consistent with
our earlier studies, each agent nearly completely prevented p53
promoter activity after 1, 4, and 24 h (Table 2). Furthermore,
asbestos-induced A549 cell p5S3 promoter activity at 4 h was not
detectable in A549-E6 cells (A549: 346 = 58% versus A549-E6:
102 = 3% control levels; P < 0.05; n = 6) or in doxorubicin-
exposed AS549-E6 cells (data not shown). Using real-time RT-
PCR, we noted that asbestos increased pS3 mRNA levels more
than 2.5-fold after 24 h and that pifithrin completely abolished
this (Figure 3B).

To assess whether mitochondria-derived ROS mediate asbestos-
induced A549 cell p53 promoter activity, we used p’-A549 cells that
lack mitochondrial DNA and a functional mitochondrial electron
transport chain for oxidative phosphorylation that we have pre-
viously characterized in detail as incapable of mitochondrial-
derived ROS production (6). Asbestos-induced p53 promoter activ-
ity was significantly reduced in p’-A549 cells (Figure 3A). With

TUNEL Staining

A¥m (% change at 24 h)

(% Positive Cells at 24 h)

Figure 1. Pifithrin blocks asbestos-induced A¥m and
apoptosis. A549 cells were treated with pifithrin

® (*) pifithrin (30 pM X 24 h) and exposed to doxorubicin

(500 ng/ml) or asbestos (25 wg/cm?) for 24 h. A¥m
(A) and TUNEL staining (B) were determined as de-
scribed in MATERIALS AND METHODS. Data are expressed

as mean = SEM. *P < 0.05 versus control; TP < 0.05
versus (—) pifithrin (n = 6).

20
A 60 B
0 - - (-) Pifithrin
: 1
-20 40
t
-40
(-) Pifithrin 20
-60
W (+) Pifithrin
'80 T T T 0
Control Doxorubicin  Asbestos Control Doxorubicin Asbestos
(500 ng/ml) (25 pg/cm?) (500 ng/ml) (25 ug/cm?)
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Figure 2. A549-E6 cells
are protected against
asbestos-induced AW¥m,
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the results of the inhibitor studies described previously, these
data suggest that asbestos-induced p53 promoter activity is trig-
gered, at least in part, by iron-derived ROS originating from the
mitochondria.

Asbestos Increases p53 Protein Levels and
Mitochondria-Targeted Bax Protein Deposition

Consistent with the work of others (17), we confirmed that amos-
ite asbestos stimulates p53 protein expression in A549 cells
(Figure 4). Although negligible changes in asbestos-induced p53
protein levels were evident after 1 h, a time-point at which we
observed significant pS53 promoter activity (Table 2), significant
increases in p53 protein levels were seen at 4 h (2.5-fold increase
versus control; P < 0.05) and persisted at 24 h (3-fold increase
versus control; P < 0.05). pS3-Dependent transcription inhibitors
(pifithrin and HPV-E6) nearly completely blocked asbestos-
induced p53 protein levels at 24 h (Figures 4A and 4B). Similar
to our earlier studies showing that phytic acid blocks asbestos-
induced ROS production, mitochondrial dysfunction, apoptosis
(4-6), and p53 promoter activity (Table 2), phytic acid also
prevents asbestos-induced p53 protein expression (Figure 4A).
These data demonstrate that asbestos induces A549 cell p53
protein expression and that iron-derived ROS have an important
role in mediating this effect.

One mechanism by which p53 activates the intrinsic apoptotic
death pathway is by promoting Bax and p53 mitochondrial trans-

TABLE 2. ASBESTOS-INDUCED P53 PROMOTER ACTIVITY
IS ABOLISHED BY AN IRON CHELATOR (PHYTIC ACID
AND DEFEROXAMINE) OR FREE RADICAL SCAVENGER
(SODIUM BENZOATE)

Exposure
Condition 1h 4 h 24 h
Control 100 + O* 100 = 0 100 = 0
Asbestos (25 pg/cm?) 160 = 107 172 = 6° 190 = 5°
+ Phytic acid (500 wM) 120 + 8t 100 = 1 125 + 5i
+ Deferoxamine (1 mM) 105 + 2¢ 100 = 1% 105 = 1#
+ Na-benzoate (100 pM) 135 + 22 100 + 1# 109 + 4

* Data expressed as mean + SEM % control Luciferase RLU after various expo-
sure periods (1, 4, and 24 h); n = 6.

P < 0.05 versus control.

# P < 0.05 versus asbestos.

*P < 0.05 versus con-
trol; TP < 0.05 versus
A549-vector (n = 6).

location (8-10). To explore this possibility, A549 cells were
treated with asbestos for 24 h; then subcellular fractions of pro-
tein from the mitochondria and cytosol were assessed by Western
analysis. Asbestos increased mitochondria-targeted Bax and p53
protein levels (4.0- and 2.3-fold increases, respectively, compared
with controls) (Figure 5). Pifithrin completely blocked asbestos-
induced mitochondrial translocation of Bax and p53 (Figure
5). Using confocal microscopy, we corroborated that asbestos,
unlike controls, activates the expression of Bax and p53 and that
mitochondrial translocation of both is evident in the merged
images (Figure 6).

Amosite Asbestos Induces p53 Expression in Cells at the
Bronchoalveolar Duct Regions in Rat Lungs, and Phytic Acid
Attenuates This

Previous studies have established that asbestos induces p53 ex-
pression in AEC and macrophages at the bronchoalveolar duct
regions in rodent lungs, but it is unknown whether an iron chela-
tor affects pS3 expression (15). We reported that a single intratra-
cheal instillation of amosite asbestos (5 mg) into rat lungs induces
pulmonary fibrosis after 2 wk and that phytic acid is protective
(26). To confirm whether asbestos induces p53 activation to cells
in the bronchoalveolar duct regions, we used archived paraffin-
embedded rat lungs from this same rat model of asbestosis that
were freshly sectioned and assessed for pS3 expression by IHC.
Asbestos increased p53 expression in cells at the bronchoalveolar
duct region as compared with saline-treated control rat lungs
(Figure 7). Although cell-specific identification studies were not
performed, p53 expression seems to be evident in AEC and
macrophages of asbestos-exposed rats, as previously shown by
others (15). The new information in the present study is that
phytic acid significantly reduced p53 expression in all cells at
the bronchoalveolar duct region (Figure 7).

DISCUSSION

Accumulating evidence suggests that one mechanism by which
asbestos causes pulmonary toxicity involves iron-derived ROS
from the mitochondria that cause mitochondrial dysfunction,
DNA damage, and apoptosis to important target cells, such as
AEC (1, 2, 4-6, 23, 29). Although p53 is a critically important
molecule for regulating the cellular response to DNA damage,
it is unknown whether p53 regulates asbestos-induced AEC
through the mitochondria-regulated death pathway. The major
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A P53 promoter activity (Fold Control RLU) B P53 mRNA by Real Time RT-PCR (Fold Control)
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B p0-A549 Cells . Pifithrin
Bl it pimmn [ ——— 2000 ——
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Control Asbestos Control Asbestos CONTROL ASBESTOS (25 pg/cm?)

Figure 3. Asbestos augments A549 cell p53 promoter activity and mRNA expression, and these effects are attenuated in p°-A549 cells and by
pifithrin. (A) A549 (gray bars) or p°-A549 cells (solid bars) were exposed to asbestos (25 wg/cm?) for 4 h (left graph) or 24 h (right graph). p53
promoter activity was determined as described in MATERIALS AND METHODs. Data are expressed as mean = SEM. *P < 0.05 versus control; P < 0.05
versus A549-asbestos (n = 6). (B) A549 (gray bars) or p°-A549 cells (solid bars) were treated with pifithrin (Pif) (30 uM X 24 h) and exposed to
asbestos (25 pwg/cm?) for 24 h. mRNA was obtained for real-time RT-PCR as described in MATErIALS AND MEeTHODs. Data are expressed as the fold-
control p53 mRNA levels corrected for 18s mRNA (n = 3).

finding of this study is that inhibitors of p5S3-dependent transcrip- suggest that p53-dependent transcriptional mechanisms mediate

tion (pifithrin and E6 protein) block asbestos-induced AEC mito-
chondrial dysfunction and apoptosis. A key role for mitochondria-
derived ROS is suggested by our finding that p53 promoter
activity is significantly reduced in asbestos-exposed p’-A549 cells
that are incapable of ROS production from the mitochondria.
We also demonstrate that asbestos induces Bax and p53 translo-
cation to the mitochondria and that this is blocked by pifithrin.
Finally, we provide in vivo evidence showing that asbestos aug-
ments p53 expression in cells at the bronchoalveolar duct junc-

asbestos-induced AEC mitochondrial dysfunction and apoptosis
in part due to mitochondrial-derived ROS production and mito-
chondrial translocation of Bax and p53.

Although p53 triggers apoptosis by complex mechanisms in-
volving the mitochondrial and death receptor pathways, we fo-
cused on the mitochondria because we and others have estab-
lished that asbestos fibers, unlike inert particulates (e.g., glass
beads or titanium dioxide), cause apoptosis by the mitochondria-
regulated death pathway (4-6, 29). Further, we detected negligi-

tions and that phytic acid inhibits this. Collectively, these data ble levels of caspase 8 (the death receptor activated caspase) in

A 1h 4h 24h Ashestos B A549 Eé6

47 C Asb  C Asb C Asb PA Pif C Asb C  Ash
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Figure 4. Asbestos induces A549 cell p53 protein expression and phytic acid, or pifithrin blocks this effect. (A) A549 cells were exposed to asbestos
(25 pg/cm?) for variable periods (1-24 h). p53 proteins levels were determined by Western analysis. For the 24-h time point, some cells were
treated with phytic acid (PA) (500 pM X 30 min) or pifithrin (PIF) (30 wM X 24 h) before being exposed to asbestos. Data expressed as mean = SEM
of control value. *P < 0.05 versus control; TP < 0.05 versus A549-asbestos (n = 6). (B) A549 (open bars) or A549-E6 (solid bars) cells were exposed
to asbestos (25 wg/cm?) for 24 h, and p53 proteins levels were determined by Western analysis as described previously. Asbestos increased p53
protein levels in A549 cells; this was completely blocked in A549-E6 cells. The levels of beta tubulin were used to confirm comparable protein
loading. Data are expressed as mean = SEM of control value. *P < 0.05 versus control; P < 0.05 versus asbestos (n = 6).
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Figure 5. Asbestos-induced A549 cell mitochondrial Bax (A) and p53 (B) translocation is reduced by pifithrin. A549 were exposed to asbestos
(25 pg/cm?) in the presence or absence of pifithrin (pif) for 24 h. Mitochondrial and cytosolic protein were obtained and assessed for Bax (A)
and p53 (B) protein by Western analysis. The differences observed in the levels of Bax and p53 from three experiments are shown in a densitometric
analysis of mitochondrial (M; solid bars) and cytosolic (C; open bars) proteins. The levels of cytochrome oxidase IV (COXIV) were used to confirm
the presence of mitochondrial protein and comparable loading. Data are expressed as mean = SEM of control value. *P < 0.05 versus control;

P < 0.05 versus asbestos. P+A: pifithrin and asbestos.

our model (5). One of the key findings of this study is that
inhibitors of p53-dependent transcriptional activity (pifithrin and
E6 protein) block asbestos-induced mitochondrial dysfunction,
as assessed by A¥m and caspase 9 activation (Figures 1 and 2;
Table 1), and apoptosis, as assessed by TUNEL staining and
DNA fragmentation (Figures 1 and 3; Table 1). We observed
comparable effects in A549 cells, a malignant line of bronchoal-
veolar cells with AT-2-like features and a wild-type p53 function,
and primary isolated rat AT2 cells (Figure 1 and Table 1). These
findings are similar to our previous studies showing that asbestos
causes DNA strand breaks, mitochondrial dysfunction, and apo-
ptosis in both cell types (4, 5, 23). The protective effects noted
in A549-E6 cells exposed to asbestos in the current study are
comparable to the beneficial effects observed against radiation-
induced cytotoxicity (24). Our data are consistent with a study
showing that crocidolite asbestos induces pS3 expression and
AS549 cell apoptosis and extend these findings by suggesting
that there is a mechanistic interaction between p53 and the
mitochondria-regulated death pathway (19).

In this study, we showed that asbestos stimulates A549 cell
p53 promoter activity and mRNA and protein expression. Using
a p53 luciferase reporter assay, we noted that asbestos induces
pS3 promoter activity as early as 1 h after exposure and that
this persists over 24 h (Table 2 and Figure 3). We also found
that asbestos increases p5S3 mRNA levels, as assessed by real-time
RT-PCR (Figure 3). Asbestos-induced p53 protein expression was
first evident at 4 h and remained elevated at 24 h (Figure 4). These
findings are consistent with the work of others showing that
asbestos induces A549 and mesothelial cell p53 expression,
upregulates p21 (a downstream gene activated by p53), inhibits
cellular proliferation, and promotes apoptosis (17-19). Similar
to these studies, we have observed that amosite asbestos causes
dose-dependent inhibition of A549 cell proliferation as assessed
by a colony forming unit assay (unpublished observation).
Evidence presented herein extends our understanding of the
pathophysiology of asbestos by demonstrating that inhibitors of
p53-dependent transcription (pifithrin and E6 protein) block asbes-
tos-induced A549 cell p53 promoter activity and mRNA and
protein expression. These inhibitors also prevented subsequent

asbestos-induced AEC mitochondrial dysfunction and apoptosis
(Figures 1 and 2).

Accumulating evidence implicates redox mechanisms in regu-
lating p53 expression, but it is unknown whether asbestos-
induced p53 expression is similarly affected (11-13). Several
lines of evidence, including data presented in the current study,
firmly implicate iron-derived ROS from the mitochondria in
mediating p53 expression and subsequent mitochondria-regulated
apoptosis. First, previous studies by others and by our group using
iron chelators, antioxidants, and p’-A549 cells incapable of mito-
chondrial ROS generation have established that one mechanism
by which asbestos causes apoptosis is by generating iron-derived
ROS from the mitochondria (4-6, 30). Second, in the present
study we showed that an iron chelator (phytic acid or deferoxa-
mine) or a free radical scavenger (sodium benzoate) blocked
asbestos-induced pS53 promoter activity (Table 2) and protein
expression (Figure 4). Our findings with asbestos-exposed AEC
are in agreement with studies by others demonstrating that cata-
lase blocks p53 expression in HepG2 cells exposed to DNA
damaging agents (31) and that iron chelators and free radical
scavengers prevent Cr(VI)-induced A549 cell pS3 activation by
inhibiting hydroxyl radical formation (13). Finally, our data dem-
onstrating that asbestos-induced p53 promoter activity is signifi-
cantly reduced in p’-A549 cells as compared with A549 cells
(Figure 3) concurs with our previous study showing that asbestos
induces significantly less oxidative stress, mitochondrial dysfunc-
tion, and apoptosis in p’-A549 cells (6). These findings also agree
with the observation that p° human fibroblasts are incapable of
oxidant-induced increases in p53 levels caused by hypoxia (32).
Collectively, these data suggest a novel mechanism involving
mitochondrial-derived ROS in mediating amosite asbestos-
induced p53 expression and subsequent AEC apoptosis by the
intrinsic pathway. In contrast to the findings presented here,
Matsuoka and colleagues (33) showed that chrysotile asbestos
increases p53 protein accumulation in A549 cells due to phosphor-
ylation of serine 15 by phosphatidylinositol 3-kinase related kinase
family member, such as ataxia-telangiectasia mutated kinase. Fur-
ther, they found that this was not blocked by catalase, deferoxa-
mine, or N-acetylcysteine, suggesting that p53 stabilization by
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Figure 6. Unlike controls, asbestos induces mitochondrial colocalization of p53 and Bax. A549 cells were exposed for 24 h to control medium
(first row) or asbestos (25 wg/cm?; second and third rows), and mitochondrial accumulation of p53 (second row) and Bax (third row) were assessed
by confocal immunofluorescence. After exposure, the cells were collected and triple-stained for mitochondria (Mito-tracker Red), nuclei (DAPI),
and pro-apoptotic molecule (p53 or Bax; FITC-PoAb). Asbestos-induced mitochondrial localization of p53 and Bax are evident as the yellow-orange
punctate cytoplasmic/perinuclear staining in the merged samples (fourth column). There is also evidence of p53 and PUMA nuclear staining in
some cells.
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Figure 7. Asbestos-induced p53 immunohistochemical staining of cells at the bronchoalveolar duct junctions and alveoli is reduced by phytic acid.
Rats were exposed to a single intratracheal instillation of PBS (1 ml), amosite asbestos (5 mg in 1 ml PBS), or asbestos (5 mg) treated with phytic
acid (500 uM in T ml PBS X 24 h and then instilled together). Two weeks after exposure, the lungs were obtained and p53 IHC assessed as
described in MaTEerIALS AND MEeTHODS at 20X (A, C, E) and 40 (B, D, F) magnification. Under control conditions (A4, B), only rare p53 immunostaining
was noted at the bronchoalveolar duct junctions (arrowhead). In contrast, asbestos induced significant p53 immunostaining in cells at the
bronchoalveolar duct junctions, alveoli, and alveolar macrophages (C, D). Phytic acid significantly reduced p53 immunostaining (£, F).
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Figure 8. Hypothetical model of asbestos-induced alveolar epithelial
cell apoptosis. After asbestos internalization into AEC, asbestos induces
p53 expression though ROS-dependent and ROS-independent path-
ways. The ROS-dependent pathway involves mitochondrial-derived
ROS, and the ROS-independent pathway involves the phosphorylation
of serine 15 (p53-ser15) by phosphatidylinositol 3-kinase related kinases.
Asbestos-induced AEC apoptosis by the mitochondria-regulated death
pathway is triggered by p53-dependent transcription of pro-apoptotic
family members and by a direct effect of p53 on the mitochondria.

phosphorylation of serine 15 can occur by mechanisms that are
independent of ROS production. Although ataxia-telangiectasia
mutated kinase is implicated in mediating mitochondria-
regulated apoptosis by radiation (34), the role of phosphoryla-
tion of serine 15 on p53 in mediating apoptosis was not examined
in this study (33). A hypothetical model depicting the oxidant-
dependent and oxidant-independent mechanisms by which asbestos
affects p53 expression and apoptosis is shown in Figure 8. Intracel-
lular p53 stabilization is a highly complex process that involves
post-translational modification of multiple sites within p53 by
phosphorylation and acetylation (35, 36). Further studies explor-
ing the signaling mechanisms by which asbestos induces p53
stabilization and how this affects apoptosis are nedded.

The mechanisms by which pS3 modulates apoptosis are com-
plex and incompletely understood, but one established pathway
involves affects on the Bcl-2 family of anti- and pro-apoptotic
proteins via p53-dependent transcription and p53 transcription-
independent mechanisms (8-10). Using Western analysis and
confocal microscopy, we showed that asbestos induces mitochon-
drial translocation of Bax and p53 (Figures 5 and 6). Moreover,
a mechanistic explanation for our findings that inhibitors of p53-
dependent transcription prevent asbestos-induced AEC mito-
chondrial dysfunction and apoptosis was suggested by the obser-
vation that pifithrin prevents mitochondrial translocation of Bax
and p53 (Figure 5). Our findings with asbestos are consistent
with studies demonstrating that pS3 induces Bax translocation
to the mitochondria after exposure to DNA damaging agents
(8-10). p53 mutants that fail to induce apoptosis also are incapa-
ble of activating Bax translocation (9, 37). Bax/Bak double
knockout cells block the capacity of DNA-damaging agents to
induce apoptosis by the mitochondria-regulated death pathway
(38). Because the death effector, Bax, is one of several p53-

dependent transcriptional targets that have been implicated in
promoting apoptosis by the intrinsic pathway (e.g., Bax, Bak,
Puma, and others), it is possible that additional pro-apoptotic
pathways may be activated in our model (8-10). In addition to
acting as a BH3-only-like protein, p53 represses the transcription
of anti-apoptotic Bcl2 family members, such as Bcl2 and Bel-x1
(9, 10). We previously reported that A549 cells over-expressing
Bcel-xl are protected against asbestos-induced, mitochondria-
regulated apoptosis (5). Although our data suggest a crucial role
for p53-dependent transcription in mediating asbestos-induced,
mitochondria-regulated AEC apoptosis, p53 transcription-
independent mechanisms may also be important given that as-
bestos induces p53 promoter activity within 1 h and protein levels
by 4 h. As previously suggested by others (10), detailed studies
exploring the complex relationship between p53-dependent tran-
scription and transcription-independent pathways will be of
interest.

The in vivo relevance of our in vitro findings was investigated
by assessing p53 expression in cells at the bronchoalveolar duct
junctions in a rat model of asbestosis that we have previously
described (26). In this model, a single intratracheal instillation
of amosite asbestos induces histologic and biochemical evidence
of pulmonary fibrosis after 2 wk, and each of these effects is
blocked by phytic acid. Similar to the work of Misra and cowork-
ers (15), we confirmed that asbestos increased p53 expression
as assessed by IHC using freshly sectioned lung samples from
archived paraffin-embedded lung tissue from this earlier study
(Figure 7). p53 staining was evident in cells along the bronchoal-
veolar duct junctions, the alveoli, and alveolar macrophages.
The novel finding in this study is that phytic acid, which we
previously showed inhibits asbestos-induced pulmonary fibrosis
(26), attenuated asbestos-induced p53 expression (Figure 7).
These data add to the accumulating in vivo evidence that ROS
have an important role in mediating pulmonary fibrosis, includ-
ing that caused by asbestos exposure, and extend our understand-
ing of the pathogenesis by implicating a p5S3—mitochondria inter-
action (26, 39). There is some in vivo evidence that compromising
AEC p53 function prevents recovery from fibrogenic stimuli.
Pulmonary fibrosis is augmented in a mouse transgene with a
dominant-negative mutant form of pS3 expressed from the sur-
factant protein C promoter after exposure to asbestos or bleomy-
cin (40, 41). Because this approach targets primarily AT2 cells,
it is unknown whether alveolar type 1 cell p53 expression is
important. Our findings implicating p53 in mediating asbestos-
induced AEC apoptosis are consistent with a recent study show-
ing that silica failed to induce apoptosis in lung cells of p53
knockout animals but did so in p53 wild-type mice (42). Given
the importance of AEC apoptosis in mediating pulmonary fibro-
sis (3) and p53 in regulating cellular life (e.g., growth arrest/
DNA repair) and death decisions in response to asbestos-
induced DNA damage that are cell type specific (43, 44), our
findings suggest that approaches aimed at specifically blocking
AEC p53 apoptotic function may limit the fibrogenic effects of
asbestos.

An important consideration in the present study is the use of
various pharmacologic inhibitors. Although pifithrin was isolated
for its ability to specifically suppress pS3-mediated transactiva-
tion and as a specific inhibitor of p53-dependent transcription
(27), more recent evidence shows that it can also act by inhibiting
heat shock and glucocorticoid signaling pathways (45). We rea-
soned that the A549 cells transfected with the HPV-E6 gene,
which have a functionally inactive p53 gene product by targeting
p53 for ubiquitination, provided a molecular approach for gener-
ating p53-deficient A549 cells; others have shown that A549-E6
cells are resistant to G1 checkpoint control, which is necessary
for radiation-induced cell cycle arrest (24). Furthermore, the
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concordance of our findings with pifithrin and A549-E6 cells in
multiple assays assessing asbestos-induced pS3 promoter activity
and mRNA and protein expression supports the important regu-
latory role of p53 in our model. Pharmacologic inhibitors may
also block asbestos uptake into AEC, a critical initial event
that leads to uncontrolled iron mobilization, DNA damage, and
apoptosis (46, 47). However, genetic approaches using overex-
pression of anti-apoptotic molecules, such as bel-x1 (5), and E6-
or p0-A549 cells demonstrate that iron-derived ROS released
from the mitochondria, p53 activation, and the mitochondria-
regulated death pathway have important regulatory roles in me-
diating asbestos-induced AEC apoptosis. Also, deferoxamine
and the combination of superoxide dismutase and catalase block
asbestos-induced mesothelial cell apoptosis independent of fiber
uptake (30). A specific role for iron binding by iron chelators
is supported by our observations that iron-loaded phytic acid is
unable to prevent AEC DNA damage and apoptosis (4, 5, 23).
Thus, fiber uptake seems necessary but not sufficient for inducing
cellular dysfunction and apoptosis.

In summary, we have demonstrated that pS3-dependent tran-
scription mediates asbestos-induced AEC mitochondrial dys-
function and apoptosis. Our data implicate that iron-derived
ROS from the mitochondria and Bax and p53 mitochondrial
translocation in part cause these effects. We also found that
phytic acid, which is an iron chelator that attenuates asbestos-
induced pulmonary fibrosis in rats (26), also inhibits p53 expres-
sion in cells at the bronchoalveolar duct region. We speculate
that the interactive effects between p53 and the mitochondria
have a crucial role in regulating AEC survival and/or malignant
transformation after asbestos exposure. Overabundant apoptosis
may promote fibrosis, whereas insufficient apoptotic mechanisms
may facilitate the formation of a malignant clone of cells harbor-
ing mutated DNA (3, 43). Given the recent observation that
pS3 augments the incorporation step of base excision repair in
the mitochondria, the mitochondria DNA may be an especially
important target (48). Mitochondrial DNA, as compared with
nuclear DNA, is more susceptible to oxidative DNA damage,
including that caused by asbestos, and acquires mutations at a
10-fold higher rate (29, 49). We reason that strategies aimed at
reducing asbestos-induced mitochondrial ROS production and
mitochondrial DNA damage should preserve the barrier func-
tion of the alveolar epithelium and thereby prevent pulmonary
fibrosis and malignant transformation.
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