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Abstract

Asbestos causes asbestosis and malignancies by mechanisms that
are not fully established. Alveolar epithelial cell (AEC) injury and
repair are crucial determinants of the fibrogenic potential of
noxious agents such as asbestos. We previously showed that
mitochondrial reactive oxygen species mediate asbestos-induced
AEC intrinsic apoptosis and that mitochondrial human
8-oxoguanine-DNA glycosylase 1 (OGG1), a DNA repair enzyme,
prevents oxidant-induced AEC apoptosis. We reasoned that OGG1
deficiency augments asbestos-induced pulmonary fibrosis.
Compared with intratracheal instillation of PBS (50 pl) or titanium
dioxide (100 wg/50 wl), crocidolite or Libby amphibole asbestos
(100 pg/50 pl) each augmented pulmonary fibrosis in wild-type
C57BL/6] (WT) mice after 3 weeks as assessed by histology, fibrosis
score, lung collagen via Sircol, and type 1 collagen expression;
these effects persisted at 2 months. Compared with WT mice,
Oggl homozygous knockout (Oggl /™) mice exhibit increased
pulmonary fibrosis after crocidolite exposure and apoptosis in cells
at the bronchoalveolar duct junctions as assessed via cleaved
caspase-3 immunostaining. AEC involvement was verified by
colocalization studies using surfactant protein C. Asbestos
increased endoplasmic reticulum stress in the lungs of WT and
Oggl ™'~ mice. Compared with WT, alveolar type 2 cells isolated

Asbestos-related lung diseases remain

a common public health problem
worldwide. Exposure to asbestos fibers has
been epidemiologically linked to pulmonary
fibrosis (asbestosis), pleural abnormalities,

from Oggl '~ mice have increased mtDNA damage, reduced
mitochondrial aconitase expression, and increased P53 and cleaved
caspase-9 expression, and these changes were enhanced 3 weeks
after crocidolite exposure. These findings suggest an important role
for AEC mtDNA integrity maintained by OGGL in the pathogenesis
of pulmonary fibrosis that may represent a novel therapeutic target.
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Clinical Relevance

We show that asbestos-induced pulmonary fibrosis in mice
deficient in 8-oxoguanine-DNA glycosylase 1 (OGG1) is
augmented in comparison to their wild-type counterparts due
to increased mitochondrial (mt) DNA damage, decreased
alveolar epithelial cell (AEC) mitochondrial aconitase-2
(ACO-2) levels, and increased AEC apoptosis. We reason that
the prevention of asbestos-induced AEC mtDNA damage and
apoptosis by mitochondrial OGG1 and ACO-2 may be an
innovative target for the molecular events underlying asbestosis
and possibly other degenerative diseases.

and malignancies such as bronchogenic
carcinoma and mesothelioma (1-3).
Although much is known about the
mechanisms by which asbestos fibers cause
pulmonary toxicity, the detailed molecular

pathways are not fully understood. The
long latency period (15-40 yr) between
asbestos exposure and lung disease presents
an opportunity to prevent the progression
from exposure to disease, but there are no
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proven treatment regimens. Ineffective
repair of damaged alveolar epithelial cells
(AECs) and AEC apoptosis are implicated
in mediating pulmonary fibrosis in humans
with idiopathic pulmonary fibrosis (IPF)
and in animal models of fibrotic lung
disease, including asbestosis (for reviews,
see References 4-7). Genetic approaches
targeting apoptosis of alveolar epithelial
type 2 (AT2) cells in mice and humans
demonstrate an important role for AECs
in mediating pulmonary fibrosis (8, 9).
Asbestos fibers are internalized by AECs
and inflammatory cells soon after exposure,
resulting in the production of iron-derived
free reactive oxygen species (ROS), DNA
damage, and apoptosis (1, 3, 7).

Oxidative stress causes a multiplicity
of DNA base adducts, the most abundant
of which is 8-oxo-7,8-dihydroxyguanine
(8-0x0G). In replicating cells, 8-0xoG can
pair with adenine instead of cytosine,
resulting in transversion mutations, which
are implicated in ageing, neurodegenerative
diseases, and cancer (3, 10). Inefficient
repair of mitochondrial DNA (mtDNA)
damage and mutations lead to
mitochondrial dysfunction, mitochondrial
ROS production, intrinsic apoptosis, and
inflammatory signaling, which may be
important in neoplastic transformation
and pulmonary fibrosis (6, 11). In lung
mesothelial cells, mtDNA is severalfold
more sensitive to crocidolite asbestos—
induced DNA damage than nuclear
DNA (12). Our group previously
reported that oxidative stress caused by
asbestos fibers (exogenous) or H,0,
(endogenous) induces AEC mitochondrial
ROS production, mtDNA damage,
mitochondrial dysfunction, P53 activation,
and intrinsic apoptosis (13-16). In
mitochondria, the base excision repair
(BER) pathway is primarily responsible for
8-0x0G mtDNA damage repair, ensuring
long-term cell survival (17). Human
8-oxyguanine DNA glycosylase 1
(hOGG1) is a bifunctional BER protein that
recognizes and removes 8-0xoG in the
DNA located in the mitochondria and in
the nucleus (18). Homozygous OGG1
knockout (Oggl_/ ~) mice have substantial
accumulations of 8-0x0G in the mtDNA
and, to a lesser degree, the nuclear DNA but
are otherwise phenotypically normal under
regular breeding conditions (19-22). We
showed that overexpression of a wild-type
(WT) mitochondria-targeted human
8-oxoguanine-DNA glycosylase 1 (mt-hOGGl1

WT) and a mitochondria-targeted long o/
317-323 hOGG1 mutant incapable of DNA
repair (mt-hOGG1 MUT) prevents oxidant
(amosite asbestos or H,0,)-induced intrinsic
AEC apoptosis, despite high levels of
mitochondrial ROS stress, by maintaining
mtDNA integrity in part because of

a novel function of OGG1 chaperoning
mitochondrial aconitase (ACO-2) from
oxidative degradation (13, 16). Collectively,
these findings suggest an important role for
OGG]1 in mitigating AEC mtDNA damage
and apoptosis in the setting of oxidative stress
as occurs after asbestos exposure.

In this study, we hypothesized that
mice deficient in OGG1 are more prone to
pulmonary fibrosis after asbestos exposure
than their WT (C57BL/6]) counterparts
due in part to increased AEC mtDNA
damage and apoptosis. We show that,
as compared with a single intratracheal
instillation of PBS or titanium dioxide
(TiO,), crocidolite or Libby amphibole
asbestos fibers increased pulmonary
fibrosis in WT mice as expected and
that Oggl '~ mice exhibit increased
fibrosis. Furthermore, crocidolite asbestos
augmented apoptosis in cells at the
bronchoalveolar duct (BAD) junctions
as assessed via cleaved caspase-3 (CC-3)
immunostaining, and AEC involvement
was verified by colocalization with
surfactant protein C (SFTPC). Compared
with AT2 cells isolated from WT mice,
AT2 cells from Oggl '~ mice have
increased mtDNA damage, reduced
ACO-2 expression, and increased P53
expression at baseline, and these changes
were enhanced after crocidolite exposure
for 3 weeks. Taken together, these
findings suggest a crucial role for AEC
OGGI maintenance of mtDNA in
preventing AEC apoptosis in the
pathogenesis of pulmonary fibrosis.

Materials and Methods

Mice

Male, 8- to 10-week-old C57BL/6] mice
(Jackson Labs, Bar Harbor, ME)

and Oggl /™ mice (backcrossed 10
generations on a C57BL/6] background;
details are provided in the online
supplement) were used for all
experiments described herein. All the
animal studies were approved by the
Institutional Animal Use and Care
Committees (IACUC) at Northwestern

University and the Jesse Brown VA Medical
Center. We confirmed that all of our Oggl "~
mice were Oggl knockouts based upon PCR
on genomic DNA obtained from tail samples
of Oggl™"~ and WT mice to identify an
800-bp product of the Oggl gene as compared
with the 377-bp product in WT mice,
indicating that the Oggl gene is disrupted as
expected (Figures 1A and 1B) (23). We
also showed that the OGG1 protein (37
kD) present in AT2 cell homogenates
from WT mice was absent from Oggl /™
knockout mice (Figure 1A). The
experimental protocol is shown in

Figure 1C. Briefly, WT or Oggl ™/~ mice
were instilled intratracheally (details are
provided in the online supplement) with
control (PBS [50 pl] or TiO, [100 pg

in 50 ul]) or amphibole asbestos fibers
(see below; 100 g in 50 pl), and the lungs
were harvested after 3 weeks or 2 months
for various end-points, including (1)
type-1 collagen by Western blotting, (2)
Sircol collagen assay, (3) CC-3 and SFTPC
immunohistochemistry (IHC), and (4)
fibrosis score, as described below.

Reagents

Union International Centre le Cancer
(UICC) reference standard crocidolite
asbestos fibers and Libby amphibole fibers
were provided by Andy Ghio (US
Environmental Protection Agency)
(asbestos fiber characterization is
provided in the online supplement) and
handled for intratracheal instillation
into mice as described in the online
supplement.

Cell Culture

Primary mouse AT2 cells were isolated from
the lungs of WT or Oggl '~ mice as
previously described (14, 24). Primary
isolated AT2 cells were plated in 6-well
plates (1 X 10° cells/well) and grown to
confluence over 24 hours before harvesting
protein extracts for Western blotting and,
in separate experiments, obtaining nuclear
DNA and mtDNA for a PCR-based DNA
damage assay (see below).

Lung Protein Extraction and

Western Blotting

Lung tissue lysates were collected for

lung homogenization in cell lysis buffer
(Cell Signaling, Danvers, MA), and
immunobloting was performed as described
previously (13, 25) using specific antibodies
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directed against OGG1 (Novus, Denver,
CO), antiaconitase 2 antibody (Abcam,
Cambridge, UK), anti-CC-3 (Cell
Signaling), CC-9 (Cell Signaling),
Pro-SFTPC (EMD Millipore Billerica,
MA), type-1 collagen (Southern Biotech,
Birmingham, AL), P53 (Santa Cruz
Biotech, Santa Cruz, CA), and COXIV
(Cell Signaling).

Fibrosis Scores and Lung

Collagen Determination

Fibrosis scores in WT and Oggl ™/~
mice were determined from Masson’s
trichrome-stained specimens by an
investigator (A.Y.Y.) blinded to the code
according to the Pathology Standards for
Asbestosis, as we have previously described
(26). Collagen levels were determined by
a Sircol assay and Western blotting for
type-1 collagen. Further details are
provided in the online supplement.

Semiquantitative Analysis of CC-3,
SFTPC, and Heat Shock Protein 5 IHC
In each lung, the number of CC-3-positive
AECs were counted per alveolar branch
point and expressed as number of positive
cells per 220 AECs = SEM from two

or more animals in each group. For
CC-3-SFTPC colocalization studies, all
CC-3-positive cells in fibrotic lesions or at
the BAD were counted and assessed for
SFTPC status on the corresponding area
of a serial SFTPC IHC slide. The fraction
of CC-3-positive cells that is also SFTPC
positive is expressed as a percentage of
approximately 200 cells assessed for each
condition on serial sections as previously
described (33). CC-3-heat shock protein

5 (HSPAS5) colocalization studies were
conducted on corresponding areas of serial
CC-3 and HSPAS5 THC slides. The fraction
of HSPAS5-positive cells and the fraction
of CC-3 cells that were also HSPA5 positive
were calculated and expressed as described

above for the CC-3-SFTPC colocalization
studies.

PCR-Based Mitochondrial mtDNA
Damage Assay

Genomic DNA, including nuclear and
mtDNA, was assessed by quantitative
PCR as described elsewhere (16, 31).
Mitochondrial small fragment fluorescence
values were used for normalization of the
large fragment values. The number of
mitochondrial lesions was calculated by
the following equation

D= (1 —2- (Along — Ashort))

%10, 000(bp) /long fragment size(bp)

Statistical Analysis

Data were expressed as the means = SEM
(n = 6 unless otherwise stated) and
analyzed as detailed in the online
supplement.
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Figure 1. Phenotypic validation of 8-oxoguanine DNA glycosylase knockout (Ogg7—/—) mice and experimental design. (A) Genomic PCR of wild-type
(WT) and Ogg? " tail DNA: 800 bp Ogg? /™ and 377 bp Ogg1™* (WT) amplification product. AT2 cells from WT and Ogg7 ™~ mice verifying lack
of OGG1 protein in Ogg? ™~ knockout mice. (B) Representation of Ogg? ™ gene knockout. Modified from Sakumi and colleagues (23). (C) Experimental
timeline and scheme. Mouse image is from The Jackson Laboratory 2014, mouse model ID 664, C57BL/6J (used with permission). CC-3, cleaved
caspase-3; HSPA5, heat shock protein 5; SFTPC, surfactant protein C.
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Results

Asbestos-Induced Pulmonary

Fibrosis Is Augmented in Ogg?~/~
Mice as Compared with WT Mice

To confirm that asbestos induces
pulmonary fibrosis in C57BL/6] WT mice,
we compared intratracheally instilled PBS
(Control, vehicle; 50 pl), TiO, (Control
particulate; 100 pg in 50 wl PBS), and
amphibole asbestos fibers (UICC
crocidolite or Libby amphibole fibers;

100 pg in 50 pl PBS) after a 3-week or
2-month exposure period. As expected,
crocidolite asbestos induced significant
destruction of the normal lung architecture
that was most prominent at the BAD
junctions. Compared with our negative
controls (PBS or TiO,), crocidolite
asbestos augmented lung fibrosis in WT
mice after a 3-week exposure period as
assessed by lung histology (Figure 2A),
Masson’s trichrome staining of collagen

(Figure 3A), lung tissue fibrosis score
(0 = 0 versus 0 = 0 versus 5.0 = 0.3,
respectively; P < 0.05) (Figure 4A), and
lung collagen levels as assessed by a Sircol
assay (0.31 = 0.05 versus 0.24 * 0.02
versus 0.59 * 0.03 mg/ml, respectively;
P < 0.05 by ANOVA) (Figure 4B) and
Western blotting of type-1 collagen seen
as a 129- to 131-kD doublet (Figure 4C).
Compared with crocidolite asbestos, mice
exposed to Libby amphibole fibers for
3 weeks induced worse lung fibrosis as
assessed by the fibrosis score (4 = 0.4
versus 7.5 * 0.5, respectively; P < 0.05),
Sircol (0.48 * 0.03 versus 0.74 = 0.06 mg/ml,
respectively; P < 0.05), and type-1
collagen expression by Western blotting
(see Figures E1 and E2 in the online
supplement). The lung fibrotic changes
after crocidolite exposure noted at 3 weeks
persisted at 2 months (Figure E3).
Having established that pulmonary
fibrosis is consistently evident at 3 weeks

after asbestos exposure in our murine
model, we determined if Oggl™'~ mice
are more susceptible to asbestosis as
compared with WT mice 3 weeks after
intratracheal instillation of crocidolite
asbestos. Similar to WT mice after
intratracheal instillation of PBS or TiO,,
Oggl ™~ mice have normal-appearing
lung architecture (Figures 2A and 2B, left
and center panels). Compared with WT
mice, we also detected negligible increases
in lung collagen deposition in Oggl™~
mice after intratracheal instillation of PBS
or TiO, as assessed by Masson’s trichrome
staining (Figures 3A and 3B, left and
center panels), the lung fibrosis score
(PBS: 0 = 0 versus 0 * 0, respectively;
TiO,: 0 = 0 versus 0 = 0, respectively)
(Figure 4A), and lung collagen deposition
assessed by the Sircol assay (PBS:

0.31 = 0.05 versus 0.31 * 0.06 mg/ml,
respectively; TiO,: 0.24 = 0.02 versus
0.36 = 0.03 mg/ml, respectively) (Figure 4B)

100x

400x

100x

Ogg1”-

Figure 2. Compared with WT mice, asbestos-induced pulmonary fibrosis at 3 weeks is more severe in Ogg?—/— mice. Three weeks after intratracheal
instillation with PBS, TiO,, or crocidolite asbestos, serial mouse lung sections were stained with hematoxylin and eosin. WT (A) and Ogg1 e (B) mice after
treatment (upper row, scale bar = 0.1 mm; lower row, scale bar = 0.05 mm). Square on upper row shows enlargement in lower row.
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Figure 3. Compared with WT mice, pulmonary fibrosis after asbestos exposure at 3 weeks is more severe in Ogg1

~/~ mice (continued). Mice were treated

with PBS, TiO,, or crocidolite asbestos as described in Figure 2. Serial lung sections were subject to Masson’s trichrome stain. WT (A) and Ogg7’/ (=)
mice after treatment (upper row, scale bar = 0.1 mm; lower row, scale bar = 0.05 mm). Square on upper row shows enlargement in lower row. Collagen fibers

are stained blue.

or type-1 collagen expression (Figure 4C).
Compared with our negative controls
(PBS or TiO,), Oggl ~/~ mice exposed

to intratracheally instilled crocidolite
asbestos for 3 weeks induced destruction
of the normal lung architecture that was
most prominent at the BAD junctions
(Figure 2, right panel) and augmented
collagen deposition (Figure 3, right panel),
which is characteristic of fibrotic lung
injury. As compared with WT mice,

Oggl /™ mice exhibited more fibrosis after
crocidolite exposure as assessed by lung
tissue fibrosis score (5.0 = 0.3 versus 7.0 =+
0.5, respectively; P < 0.05) (Figure 4A)

and lung collagen levels as assessed by

a Sircol assay (0.59 = 0.03 versus 0.86 *=
0.02 mg/ml, respectively; P < 0.05)

(Figure 4B) and Western blotting of type-I
collagen (Figure 4C). Taken together,
these findings show that asbestosis is
significantly augmented in Oggl ™'~ mice
as compared with WT mice 3 weeks after

a single intratracheal instillation of
crocidolite asbestos.

Crocidolite Asbestos-Induced AEC
Apoptosis in Cells at the BAD
Junction at 3 Weeks Is Augmented

in Ogg1~'~ Mice

Ineffective repair of damaged AEC and
apoptosis is implicated in the pathobiology
of pulmonary fibrosis in humans and
animals (4-8). Asbestos-induced fibrotic
lesions and apoptotic AECs are typically
seen initially at the BAD junctions where
fiber deposition is most evident (32). To
determine if apoptotic cells can be found in
fibrotic lung lesions in our model, we
investigated the presence of CC-3 in cells
present at the BAD junctions using IHC
and semiquantitative analysis of WT and
Oggl ™"~ mouse lung sections 3 weeks after
a single intratracheal instillation of PBS,
TiO,, or crocidolite asbestos. Unlike our
negative controls, in which CC-3-positive

cells were << 1% of 220 cells assessed
at the BAD junctions, we observed
a significant increase in CC-3-positive
cells in our crocidolite-treated WT and
Oggl ™"~ mice (Figures 5A and 5B). Using
semiquantitative analysis, Oggl /~ mice
exposed to crocidolite asbestos had more
CC-3-positive cells than WT (15.8 £ 0.8%
versus 11.8 £ 0.7% CC-3-positive cells per
220 cells at the BAD junctions, respectively;
P < 0.05).

To determine whether AT2 cells
are apoptotic in our Oggl '~ mice, we
performed colocalization IHC studies
using CC-3 (a marker of apoptosis) and
SFTPC (a marker of AT2 cells) (33) on
serial sections of crocidolite-exposed
Oggl~’~ mouse lungs. Figure 5C shows
two regions of serial CC-3-SFTPC IHC
staining demonstrating apoptotic AECs
(positive for CC-3 and SFTPC; red
arrows) as well as non-AECs (positive for
CC-3 and negative for SFTPC; yellow
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Figure 4. Lung fibrosis scores and collagen levels are increased in Ogg7—/— versus WT mice
exposed to TiO, or crocidolite asbestos. WT and Ogg1 ~/~ mice were treated with TiO, or crocidolite
asbestos. Three weeks after intratracheal instillation, serial lung sections were scored for fibrosis

or whole lungs subject to Sircol assay or type-1 collagen Western blotting. (A) Lung fibrosis scores.
*P < 0.05, PBS or TiO,; TP < 0.05, WT versus Ogg? " ~; n WT + PBS =6, n WT + TiO, = 9, n
WT + CROC = 10, n Ogg? ™~ + PBS = 6, n Ogg1 ™~ + TiO, = 8, n Ogg? ~’~ + CROC = 10. (B)
Collagen levels assessed via Sircol assay. *P < 0.05, PBS or TiO,; TP < 0.05, WT versus Ogg?~™"; n
B6 + PBS =6, n WT + TiO, =9, n WT + CROC = 10, n Ogg? ™/~ + PBS =6, Ogg? ™/~ + TiO, = 8,
Ogg?™/~ + CROC = 10. Fibrosis score = [(Severity 0-4) X (Extent 1-3)]. (C) Western blot of
type-1 collagen aftere exposure to crocidolite asbestos for 21 days. The 129- to 131-kD doublet is

marked with double arrows.

arrows). Semiquantitative analysis of
approximately 200 cells showed that AT2
cells accounted for nearly 40% of the
apoptotic cells. These findings show that
AT?2 cell apoptosis occurs in the BAD
junctions of asbestos-exposed Oggl /"~
mouse lungs and that non-AECs also
undergo apoptosis.

As summarized recently (5, 7),
mounting evidence convincingly shows that
endoplasmic reticulum (ER) stress occurs
in AECs undergoing apoptosis in subjects
with IPF. Diverse fibrotic stimuli, including
bleomycin, viruses, and misfolded mutant
surfactant proteins, can induce an ER stress
response that results in AEC apoptosis
(9, 27-29). Because we recently showed that
asbestos fibers can induce AEC ER stress
that results in intrinsic apoptosis in vitro
(30), we determined whether ER stress was

30

present in WT and Oggl '~ mouse lungs 3
weeks after a single intratracheal instillation
of TiO, or crocidolite asbestos. We used
IHC to assess HSPA5, a protein involved
in modulating ER stress, and whether
HSPAS5 colocalized with apoptotic (+CC-
3 staining) cells present at the BAD
junctions. TiO, induced negligible HSPA5
expression in the lungs of WT and Oggl ™/~
mice (Figure E4). Similar to apoptosis
(Figure 5B), TiO,-induced HSPA5
expression occurred in < 1% of cells at the
BAD junction in WT and Oggl~’~ mice. In
contrast to TiO,, crocidolite-exposed mice
demonstrated ER stress in apoptotic cells
(positive for CC-3 and HSPA5; yellow
arrows) and demonstrated ER stress in
cells not undergoing apoptosis (negative
for CC-3 and positive for HSPA5).
Semiquantitative analysis of approximately

200 cells at the BAD junctions in WT and
Oggl ™"~ mice revealed that crocidolite
asbestos augmented HSPA5 activation

in apoptotic cells (12.9 and 16.1%,
respectively) and in nonapoptotic cells
(84.0 and 92.0%, respectively). These
findings show that asbestos fibers induce
ER stress in cells at the BAD junctions,
including apoptotic cells, in WT and
Oggl™’™ mice.

mtDNA Damage Is Augmented in
AECs Isolated from Lungs of Ogg1~/~
Mice versus WT

As reviewed elsewhere (6, 7),
accumulating evidence implicates a direct
association between mtDNA damage and
intrinsic apoptosis in many cell types.
We recently showed that AEC mtDNA
damage is an important determinant of
asbestos-induced apoptosis and that
OGG1 and ACO-2 modulate mtDNA
damage (16). However, the role of
mtDNA damage in mediating AEC
apoptosis in vivo is unclear. To investigate
whether mtDNA damage occurs in AT2
cells, we exposed WT and Oggl /™ mice
to intratracheally instilled crocidolite or
TiO, for 3 weeks and then isolated
primary AT2 cells for assessment of
mitochondria and nuclear DNA damage
using a quantitative PCR-based
measurement (16, 31). We detected
negligible nuclear DNA damage as
assessed by reductions in nuclear DNA
copy number or number of lesions per
10 kB after exposure to TiO, or crocidolite
asbestos (Figure 6). In contrast, reduced
mtDNA copy number and increased
mtDNA lesions were evident in WT mice
exposed to crocidolite and in Oggl ™/~
mice exposed to TiO, or crocidolite
(Figure 6). AT2 cells from WT mice

had significant mtDNA damage after
crocidolite exposure as compared with
TiO, exposure (0.056 = 0.007 versus

0.0 = 0 lesions/10 kb, respectively]; P < 0.05
[n = 4]) (Figure 6). AT2 cells from Oggl =
mice exposed to TiO, exhibited

mtDNA damage, and AT2 cell mtDNA
damage was augmented further in the
crocidolite asbestos-exposed Oggl ™/~ mice
(0.073 = 0.011 and 0.105 * 0.005 lesions/
10 kb, respectively; P < 0.05 [n = 4]). These
data show that the loss of OGGI augments
AT?2 cell mtDNA damage under basal
conditions and that crocidolite asbestos
augments mtDNA damage.
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Figure 5. Asbestos-induced CC-3 activation in cells at the bronchoalveolar duct (BAD) junction is augmented in Ogg7—/— versus WT mice and

colocalization of CC-3—positive BAD cells and AECs (SFTPC positive) in asbestos-exposed mice. Lungs from WT and Ogg? ™~ mice were harvested

3 weeks after intratracheal instillation of PBS, TiO, or crocidolite asbestos, subject to CC-3 or SFTPC immunohistochemistry (IHC) on serial sections.
(A) Anti-CC-3 IHC in WT mice (top row) or Ogg?1~’~ mice (bottom row). Scale bar = 0.05 mm. (B) Semiquantitative analysis of 220 cells at the BAD
junctions. *P < 0.05, PBS or TiO,; TP < 0.05, WT versus Ogg?~~. n WT + PBS = 3, n WT + TiO, = 3, n WT + CROC = 3, n Ogg? /™ + PBS = 3,
nOggl™™ + TiO, = 3,n Ogg? ™~ + CROC = 3. (C) IHC on serial sections for CC-3 and SFTPC. Two regions are shown. Red arrows mark double-positive
cells; yellow arrows mark CC-3—positive, SFTPC-negative cells. Square on upper row shows enlargement in lower row. Scale bar = 0.08 mm.

AT2 Cells from Ogg1~/~ Mice Have accounted for the protective effects of OGGI1 and ACO-2 can regulate this
Reduced ACO-2 Expression and mtOGG1 against oxidant-induced AEC response (15, 16). There is evidence linking
Increased P53 and CC-9 Expression mtDNA damage and intrinsic apoptosis P53, OGGI, and ACO-2 expression, but
We previously showed a novel role for (13, 16). We have also reported that the molecular mechanisms involved and
mtOGGl in chaperoning ACO-2 from P53 modulates asbestos-induced AEC whether asbestos-exposed AT2 cells behave
oxidative degradation in vitro that mitochondria-regulated apoptosis and that  similarly in vivo are unclear (7, 8).
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Figure 6. Mitochondrial but not nuclear DNA damage is increased in AT2 cells isolated from Ogg7—/— mice after TiO, exposure (negative control) and
augmented further after asbestos exposure. WT and Ogg1’/ ~ mice were given a single intratracheal instillation of TiO, or crocidolite asbestos. Three
weeks after exposure, AT2 cells were isolated from lungs and used for a fluorescent PCR-based nuclear DNA or mtDNA damage assay. (A) Nuclear and
mitochondrial DNA damage, relative fluorescence ratio. (B) Nuclear and mitochondrial DNA relative ratio converted to ratio DNA lesions/10 kb DNA:
mitochondrial small fragment fluorescence values were used for normalization of the large fragment values (31). The number of mitochondrial lesions was
calculated as described in the MaTeriALs AnD METHODS section. *P < 0.05 versus WT TiO,. P < 0.05 versus WT CROC. $P < 0.05 versus Ogg? ™~ TiO,.

Cheresh, Morales-Nebreda, Kim, et al.: Asbestos-Induced Pulmonary Fibrosis in Ogg? "~ Mice 31



ORIGINAL RESEARCH

>
(2]

wT Oggt* °
%
Ti CR Ti CR ‘g' 8
]
ACO-2 —85kDa  § ¢
o
3
COX IV — . am cs == 17 kDa E 4
o
5, i
% 1.0 T 2
Es 5
2% 05 W z
q o 0
g
S 0.0
B D.
wT Oggt*
Ti CR Ti CR

=10 ¢

H P53
O cc9 M
1§

WTTiO, WT CROC Ogg17/- TiO, 0Ogg17- CROC
ROS (Asbestos/H,0,)

v mtOGG1
AEC mtDNA Damage }7

/ \ ACO-2
P53 Activation ER Stress

N K

AEC Apoptosis

Pulmonary Fibrosis

Figure 7. Asbestos decreases AT2 cell mitochondrial ACO-2 expression levels and augments P53
and intrinsic apoptosis. AT2 cells were isolated from the lungs of WT and Ogg7—/— mice 3 weeks
after exposure to TiO, or crocidolite asbestos as described in Figure 6 and then assessed for
ACO-2, P53, and CC-9 protein expression. (A) Representative Western blot and a densitometric
quantification of ACO-2 expression from mitochondrial fractions of AT2 cells from three experiments.
*P < 0.01 versus WT + TiO,. TP < 0.001 versus WT + TiO» (n = 3). (B) Representative P53 and CC-9
protein expression from AT2 cell extracts. (C) Densitometric analysis of P53 (n = 4) and CC-9 (n = 3)
protein levels. *P < 0.05 versus WT + TiO,. TP < 0.05 versus WT + CROC. SP < 0.05 versus
0Ogg1™™ + TiO,. (D) Hypothetical model (see text for details).

Crocidolite asbestos reduced ACO-2 levels
by > 50% as compared with TiO, in AT2
cells from WT mice (0.44 = 0.03 versus
1.0 £ 0 relative density units, respectively;
P < 0.05 [n = 3]) (Figure 7A). As
compared with AT2 cells from WT mice,
ACO-2 protein expression was reduced
in AT2 cells from Oggl ™'~ mice after
exposure to TiO, (1.0 £ 0 versus 0.39 *
0.11 relative density units, respectively;

P < 0.05 [n = 3]) or crocidolite (1.0 =

0 versus 0.30 = 0.08 relative density units,
respectively; P < 0.05 [n = 3]). Although
ACO-2 levels in AT2 cells from Oggl ™"~
mice exposed to TiO, or crocidolite were
lower than from AT?2 cells from WT
mice after crocidolite exposure, these
differences did not reach statistical
significance. AT2 cells isolated from WT
mice 3 weeks after a single intratracheal
instillation of crocidolite asbestos had
increased P53 expression as compared
with TiO, (1.55 = 0.16 versus 1.0 =

0 relative density units, respectively; P <
0.05 [n = 4]) and marked activation of
cleaved caspase-9 (CC-9) (7.24 £ 0.03
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versus 1.0 * 0 relative density units,
respectively; P < 0.05 [n = 3]) (Figures 7B
and 7C). AT2 cells isolated from Oggl ™/~
mice after a single intratracheal instillation
of crocidolite asbestos had increased P53
expression as compared with TiO, (3.90 =
0.59 versus 1.92 * 0.48 relative density
units, respectively; P < 0.05 [n = 3]) and
when compared with AT2 cells from

WT mice exposed to crocidolite (3.90 *
0.0.59 versus 1.55 = 0 relative density
units, respectively; P < 0.05 [n = 3]).
Compared with AT2 cells from WT mice,
CC-9 activation was augmented in AT2
cells from Oggl ™/~ mice after exposure to
TiO, or crocidolite (1.0 = 0 versus 7.17 *
0.011 versus 8.35 £ 0.82, respectively;

P > 0.05 [n = 3]), although the difference
between TiO, and crocidolite in Oggl ™'~
mice did not reach statistical significance.
Collectively, these data demonstrate that
the loss of OGG1 reduces AT2 cell ACO-2
levels in vivo under basal conditions after
TiO, exposure as compared with AT2
cells from WT mice and that OGG1
deficiency augments asbestos-induced

CC-9 and P53 expression 3 weeks after
crocidolite asbestos exposure.

Discussion

The major findings of this study are that, as
compared with WT mice, Oggl /™ mice
that are deficient in 8-oxo-G oxidative
DNA damage repair have increased
pulmonary fibrosis and AEC apoptosis after
crocidolite asbestos exposure. Furthermore,
compared with TiO,, crocidolite asbestos
fibers induce greater levels of mtDNA
damage in primary isolated AT2 cells from
WT mice, and mtDNA damage is greater
than nuclear DNA damage. Finally, as
compared with AT2 cells from WT mice,
AT?2 cells from Oggl ™/~ mice have
decreased ACO-2 levels and increased
mtDNA damage at baseline, and these
deleterious effects are augmented after
crocidolite asbestos exposure, accompanied
by increased P53 expression and intrinsic
apoptosis. Collectively, these findings
suggest that OGGI deficiency augments
AEC mtDNA damage and apoptosis in vivo
that appear crucial for the development of
pulmonary fibrosis after asbestos exposure.
An important finding of this study
is that, as compared with WT mice,
pulmonary fibrosis in Oggl '~ mice is
worse 3 weeks after a single intratracheal
instillation of crocidolite asbestos as
assessed by histology (Figures 2 and 3)
and quantified by the lung fibrosis score
(Figure 4A) and biochemical measures
(Sircol [Figure 4B] and type 1 collagen
levels [Figure 4C]). These changes persist
2 months after asbestos instillation (Figure
E3). The finding of a relationship between
depletion of OGGI, an 8-oxo-G DNA
BER enzyme, and pulmonary fibrosis
after asbestos exposure is novel. Our data
showing that the lack of OGGI1 promotes
asbestos-induced pulmonary fibrosis add to
the growing list of studies showing OGG1’s
potential protective role against diverse
diseases, including various cancers (e.g.,
colorectal [34)] lung [35], and otolaryngeal
[36]), cardiac fibrosis (37), Barrett’s
esophagus (38), type 2 diabetes mellitus
(39), obesity/metabolic syndrome (40),
and neurodegenerative diseases such as
Parkinson’s disease (41) and Huntington’s
disease (42). Our findings in the lungs of
Oggl™’~ mice are also in accord with the
enhanced age-related nigrostriatal pathway
loss and motor defects noted in Oggl "/~
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mice as compared with their WT
counterparts (43). Taken together, these
findings implicate an important role of
OGG]1 in DNA repair in the prevention
of diverse diseases, including pulmonary
fibrosis. In this study, we used a single
intratracheal instillation dose of crocidolite
asbestos (100 wg) that is well established in
causing murine lung fibrosis. A limitation
of the present study is the use of a single
dose of asbestos. Future studies assessing
the effects of low-dose amphibole asbestos
fibers over extended exposure periods will
be of interest.

Although the detailed molecular
mechanisms by which OGG1 knockout
mice develop increased pulmonary fibrosis
after asbestos exposure requires additional
study, we explored several possibilities. First,
we determined if apoptotic AECs could
be detected in fibrotic lung lesions given
the crucial role of AEC apoptosis in the
pathogenesis of pulmonary fibrosis and that
mitochondrial OGG1 overexpression can
attenuate asbestos-induced AEC apoptosis
in vitro (1, 2, 5-9, 13, 16). As compared
with controls (PBS and TiO,), crocidolite
asbestos augmented apoptotic cells at the
BAD junctions over 25-fold in WT mice
(Figures 5A and 5B: 0.3 versus 0.45 versus
11.8% CC-3-positive cells, respectively),
and asbestos-induced apoptosis at the BAD
junctions was further increased in Oggl ™~
mice (15.8%). Colocalization THC studies
confirmed that approximately 40% of the
apoptotic cells at the BAD junctions were of
AT? lineage (Figure 5C). Further, unlike
TiO,, crocidolite asbestos induced marked
ER stress (HSPA5) in cells at the BAD
junctions, including apoptotic cells, in WT
and Oggl '~ mouse lungs (Figure E4). Our
findings implicating AEC apoptosis in
augmenting pulmonary fibrosis after
asbestos exposure in the Oggl '~ mice are
in accord with an accumulating body of
evidence, reviewed in detail elsewhere (1, 2,
5-9), that ineffective repair of damaged
AECs and AEC apoptosis are key events
underlying pulmonary fibrosis in humans
with IPF and in animal models of fibrotic
lung disease, including asbestosis. Our
findings are concordant with a recent
study in humans with Hermansky-Pudlak
syndrome showing that the alveolar
epithelium determines susceptibility to lung
fibrosis (44). An important role for the
alveolar epithelium is further supported by
the finding that targeted damage of AT2
cells appears necessary for triggering

murine pulmonary fibrosis and that
alveolar deposition of AT2 cells, but
not alveolar macrophages, attenuates
bleomycin-related fibrosis (8, 45).
Moreover, our findings of an ER stress
response in apoptotic cells in fibrotic lungs
are in accord with numerous groups
showing ER stress in apoptotic AECs

in vitro and in vivo (27-30). Our data do
not exclude a role for other cells, such

as inflammatory cells/macrophages, in
modulating the fibrotic response noted in
our model. Emerging evidence suggests that
human induced pluripotent stem cells and
Clara cells may be important for AT2 cell
differentiation after lung injury (46).
Although the causal role of AECs and/or
other cell types in mediating pulmonary
fibrosis after asbestos exposure is unclear
from the present study, AEC-targeted
OGG]1 over- and underexpression studies
would better inform our understanding of
the role of the alveolar epithelium.

A second mechanism that we explored
in this study is whether OGG1 deficiency
promotes mtDNA damage in AT2 cells.
We found that crocidolite asbestos fibers
induce greater levels of mtDNA in primary
isolated AT2 cells from WT mice 3 weeks
after exposure and that mtDNA damage
is greater than nuclear DNA damage
(Figure 6). Compared with WT mice, AT2
cells from Oggl~’~ mice had greater
mtDNA damage 3 weeks after TiO,
exposure and even greater crocidolite-
induced AT2 cell mtDNA damage
(Figure 6). Our findings are in accord with
studies showing that oxidative mtDNA
damage is more abundant and long lasting
than nuclear DNA damage presumably
because of the proximity of mtDNA to
the electron transport chain and because
mtDNA lacks histones, which are
protective against ROS (47, 48). Our in vivo
studies reported herein also concur with
in vitro studies by others as well as our
group showing that persistent mtDNA
damage triggers intrinsic apoptosis,
including AECs exposed to asbestos fibers
in vitro (16, 49). The present study
suggesting that asbestos-induced AEC
mtDNA damage triggers pulmonary
fibrosis parallels work by others showing
that mtDNA damage is implicated in the
pathophysiology of diverse conditions, such
as atherosclerosis, cardiac fibrosis/heart
failure, diaphragmatic dysfunction from
mechanical ventilation, and cancer (34-37,
50-52). Mitochondria-targeted OGG1

attenuates ventilator-induced lung injury
in mice in part by decreasing the levels

of mtDNA damage in the lungs (53).
Thus, our data showing asbestos-induced
AEC mtDNA damage in the setting of
pulmonary fibrosis add to the accumulating
evidence that implicates ongoing mtDNA
damage in the development of a wide array
of diseases.

A third mechanism investigated herein
to account for the increased susceptibility
of Oggl ™'~ mice to asbestos-induced
pulmonary fibrosis is whether AEC
ACO-2 levels are reduced. ACO-2 is
a mitochondrial tricarboxylic acid cycle
enzyme that can act as a biosensor for
oxidative stress and preserves mtDNA,
independent of its tricarboxylic acid activity
in yeast (54, 55). Compared with primary
isolated AT2 cells from WT mice, AT2 cells
from the Oggl ™/~ mice have decreased
ACO-2 levels 3 weeks after a single
intratracheal instillation of TiO, (Figure 7).
A single intratracheal instillation of
crocidolite asbestos reduced ACO-2
expression in AT2 cells from WT mice,
and AT2 cell ACO-2 levels were further
reduced in Oggl ~'~ mice, although this
latter difference did not reach statistical
significance (Figure 7A). Moreover,
alterations in AT2 cell ACO-2 expression
occur in association with increased P53
expression and intrinsic apoptosis
(increased CC-9 levels). These in vivo
findings parallel recent in vitro work by our
group demonstrating that mt-hOGG1
and ACO-2 act in concert to preserve
AEC mtDNA integrity in the setting of
oxidative stress (asbestos or H,0,),
thereby preventing mitochondrial
dysfunction, P53 mitochondrial expression,
and intrinsic apoptosis (13, 16). Using
immunoprecipitation techniques, we
previously reported a novel chaperone
function of ACO-2 by mt-hOGG1-WT and
an mt-hOGG1-Mut incapable of mtDNA
repair (13). Also, OGG1 and ACO-2 over-
and under-gene expression of studies
showed that both are important for
preserving AEC mtDNA integrity and
mitigating intrinsic apoptosis (13, 16).
Collectively, these findings suggest that
OGG1/ACO-2 may be novel therapeutic
targets important for ameliorating oxidant-
induced mtDNA damage, which, if left
inadequately repaired, can result in AEC
apoptosis and pulmonary fibrosis.

Our findings of P53 activation in WT
and Oggl ™/~ mice exposed to asbestos
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are consistent with a P53 DNA damage
response (Figure 7). These findings are in
accord with recent work from our group
showing that overexpression of mt-hOGGl1
WT, mt-hOGGI1 Mut, and ACO-2 in AECs
attenuate the P53 DNA damage response
(16). Our data are also in agreement with
studies showing that P53 activation is
required for oxidant-induced apoptosis in
hOGG1-deficient human fibroblasts (56)
and that P53 can sensitize HepG2 cells to
oxidative stress by reducing mtDNA (57).
Accumulating studies suggest a key
association between P53, OGG1, and
ACO-2, including (1) P53 regulates OGGI
gene transcription in colon and renal
epithelial cells (56), (2) P53-deficient cells
have reduced OGG1 protein expression
and activity (56), and (3) P53 can reduce
ACO-2 gene expression and activity (58,
59). Mitochondrial P53 can, under certain
conditions, promote cell survival or death
by promoting mtDNA repair (60-62).
Furthermore, P53 levels are detected in
lung cancers of patients exposed to asbestos
and tobacco (63), and P53 point mutations

are present in the lung epithelium of
asbestos-exposed individuals (64).
Whole-genome gene profiling studies

in lung epithelial and mesothelial cells
confirm that P53 activation and a DNA
damage response occurs that may play

a crucial role in the regulation of tumor
suppression and the control of cell death or
survival in the setting of asbestos exposure
(65, 66). Collectively, these findings
support an important role for P53 in the
profibrotic lung response after asbestos
exposure, which has implications for our
understanding of the malignant potential of
asbestos fibers. However, determining the
precise molecular mechanisms by which
P53, OGGI, and ACO-2 coordinately
regulate mtDNA integrity in AECs and
how this affects cell fate requires further
study.

In summary, we show that asbestos-
induced pulmonary fibrosis is augmented in
Oggl™’~ mice as compared with their WT
counterparts. Moreover, pulmonary fibrosis
after asbestos exposure in WT mice is
associated with an increased number of

apoptotic cells at the BAD junctions, an ER
stress response, decreased AT2 cell ACO-2
levels, and increased mtDNA damage, P53
expression, and CC-9 expression, all of
which are augmented in Oggl ™/~ mice.
Our findings implicate a novel role for
mitochondrial OGG1 and ACO-2 in
preserving AEC mtDNA integrity in the
setting of oxidative stress resulting from
asbestos exposure that induces an AEC
P53 DNA damage response and intrinsic
apoptosis and pulmonary fibrosis. A
hypothetical model summarizing the

key events studied herein is shown in
Figure 7D. We reason that the prevention
of asbestos-induced AEC mtDNA damage
and apoptosis by mitochondrial OGG1
chaperoning of ACO-2 may be an
innovative target for the molecular events
underlying asbestos-induced toxicity as
occurs in the setting of pulmonary
fibrosis and possibly other degenerative
diseases. l

Author disclosures are available with the text
of this article at www.atsjournals.org.
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