Doc S2 Lessons from Malignant Pleural Mesothelioma

Malignant mesothelioma occurs as a result of neoplastic transformation of
mesothelial cells lining the pleural, peritoneal, or pericardial cavities.! Malignant
pleural mesothelioma is generally associated with exposure to fibrous mineral
particles such as asbestos and erionite.”> Asbestos fibers interact directly with the
tissues in which they are deposited, causing generation of oxidants, chromosomal
damage, and activation of cell signaling pathways.>®

Asbestos-mediated activation of signaling pathways that promote cellular
replication has been postulated to contribute to asbestos-associated malignancies.
However, it is highly unlikely that this contributes to the initial stages of asbestos-
associated neoplastic transformation. Multiple extracellular antiproliferative signals
operate within normal tissues to maintain tissue homeostasis, and in addition, there
are numerous intracellular pathways that operate to prevent inappropriate cell
replication in response to aberrant proliferative signaling. These checkpoint-pathways
include the LKB1, NF-2, and Rb associated pathways, oncogene-induced replicative
stress pathways, and DNA damage response pathways, and lead to suppression of
cellular proliferation, irreversible senescence, or apoptosis or necrosis.”'®
Accordingly, before a normal human cell can undergo anomalous proliferation, it
must acquire mutations that allow it to bypass the tissue and cellular checkpoints that
inhibit deregulated DNA replication and cellular proliferation.

It has also been proposed that chromosomal damage induced by direct
interaction of asbestos with the DNA or by interference of asbestos with mitosis or
cytokinesis contributes to the development of asbestos-associated malignancies.
However, it is highly unlikely that this type of DNA damage contributes to the initial

stages of asbestos-associated neoplastic transformation because, unlike checkpoint-



compromised cells, overt chromosomal damage such as chromosome breakage or
asymmetric chromosome segregation will cause normal checkpoint-intact cells to
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undergo senescence, apoptosis, Or necrosis.
documented pathway activated by asbestos is induction of p53 expression resulting in
senescence or apoptosis of cells with irreparable DNA damage.” ' Thus, before
gross chromosomal damage can lead to carcinogenesis-associated mutations,
checkpoints that monitor such damage and block proliferation of damaged cells,
either by senescence or cell death pathways, must be bypassed. Taken altogether, the
points noted above argue that the source of the initial asbestos-mediated DNA
damage that leads to malignant pleural mesothelioma is the generally minor damage
caused by reactive oxygen (ROS) and nitrogen (RNS) species generated by asbestos
interactions with tissue cells and phagocytes and ROS generated by iron complexed
with asbestos fibers via iron catalyzed Fenton reactions,”’ and that the initial
mutations that lead to asbestos-induced neoplastic transformation occur in checkpoint
genes.

DNA mutations require 2 indispensable elements: (1) DNA damage and (2)
mis-repair of the damage or mis-replication of the damaged DNA during cellular
proliferation in order to fix the mutation into the genome. Mis-repair of oxidative
DNA damage (as argued above, in checkpoint-intact cells more extensive DNA
damage will result in senescence or cell death) results in mismatched bases.
Mismatched bases are repaired by the mismatch repair system, which is found
throughout the prokaryotic and eukaryotic kingdoms. This system is generally
associated with repair of mismatched bases generated during DNA replication, but
when mismatched bases are recognized outside the context of DNA replication,

discrimination between the correct base and the mismatched base is lost, and repair of



the mismatch can lead to fixation of a mutation into the genome.*® Mis-replication of
an oxidatively damaged DNA base occurs when the base pairs with a non-cognate
DNA base during DNA replication:*' oxidatively damaged DNA bases can also pair
with cognate DNA bases or they can lead to cytotoxicity, in which cases a mutation
does not occur.”’

Most DNA damage is caused by cell endogenous agents or is the result of an
error occurring during DNA replication or mitosis.”> The rate of DNA damage per
cell per day is not precisely known, however, cells are estimated to have
approximately 1,000 - 10,000 8-oxo-dG adducts® in addition to myriad other types
of damage. Therefore, the rate of DNA damage in normal cells is significant.
However, repair of DNA lesions or induction of senescence or the death of cells
harboring damaged DNA is highly efficient. This can be demonstrated by the
extremely low incidence of malignant pleural mesotheliomas that develop
spontaneously in humans, approximately equal to or less than 1 to 2 per one million

2% The low incidence of spontanecous malignant pleural mesothelioma

people.
development indicates that mis-repair of damaged DNA in a pleural mesothelial cell,
fixation of the consequent mutation in the cell, and proliferation of the mutation
bearing cell will occur infrequently during a person's lifetime. In addition, since the
pleural mesothelium is a renewing tissue with approximately 0.16 to 0.5% of the cells
undergoing mitosis at any one time,” the incidence of spontaneous malignant pleural
mesothelioma argues that damaged DNA is repaired before it is replicated. Of course,
mutations will accrue in pleural mesothelial cells, but the fidelity of DNA repair

mechanisms coupled with the checkpoints that block carcinogenesis '’ effectively

prevent spontaneous cancer development in the pleural mesothelium.



In spite of the robust DNA monitoring and repair pathways operating in human
cells, asbestos-mediated oxidative DNA damage can result in mutations. But, since
oxidative DNA damage is recognized and effectively repaired by the DNA repair
systems of human cells, how can asbestos-mediated oxidative DNA damage cause
mutations that eventually lead to development of malignant pleural mesothelioma?
One possibility is that asbestos-mediated DNA damage overwhelms the capacity of
the cell's DNA monitoring and repairs systems. However, this is unlikely as the
reported asbestos fiber burden of pleural mesothelioma tissue is generally lower than
the number of fibers required to increase mutation frequency in rats and mice.
Topinka et al, 2004,°° administered 1 mg, 2 mg, or 4 weekly doses of 2 mg amosite
asbestos by intratracheal instillation into the lungs of male transgenic A-Lacl Big
Blue™ rats. They examined the rats for mutations 4 wk and 16 wk after the last
treatment and found that 1 mg amosite asbestos did not increase mutation frequency
above background levels, i.e., above the number of mutations that had accumulated in
the rat tissue since embryogenesis, at either the 4 wk or 16 wk time points. Assuming
a fiber weight of 7.4 x 10’ fibers/ug ([878 fibers/0.0296 mm’] x [1 mm?*/0.04 pg])*’
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and a lung dry weight of 0.33 g,*® the lung fiber burden of rats administered 1 mg
amosite asbestos would be 2.2 x 10 fibers/g lung tissue. In another mutagenesis study
using male transgenic Lacl Big Blue™ mice, Rihn et al., 2000, administered
crocidolite asbestos by nose-only inhalation 6hr/day for 5 consecutive days and
examined the mice for mutations 1 wk, 4 wk, and 12 wk after the last exposure.
Mutation frequency was not increased at 1 wk but was significantly increased at 4 wk;
however, at 12 wk the mutation frequency was at background levels, suggesting that

mutation bearing cells had been mostly eliminated. The lung fiber burden in these

mice was 1.63 x 10° fibers/g lung tissue (dry weight) at 1 wk and 0.62 x 10’ fibers/g



at 12 wk. Suzuki and Yuen, 2001,° examined asbestos fiber burdens in human
pleural mesothelioma tissues. They found that fiber burden ranged from 0.03 x 10°
fibers/g dry tumor tissue to 240 x 10° fibers/g with a median of 17 x 10° fibers/g and
an average of 49.84 x 10° fibers/g. In a later study of 168 pleural mesothelioma cases
Suzuki et al, 2004,”" found an average fiber burden of 46.5 x 10° fibers/g dry tumor
tissue. In an earlier study of pleural fiber burden of asbestos-exposed patients, Boutin
et al., 1996, found that in the parietal pleura (the primary site of asbestos fiber
deposition and pleural mesothelioma development "*®) normal tissue contained 0.5 x
10° fibers/g dry tissue while the area around the parietal pleura stomata, which are
sites of lymphatic drainage and accumulate particles that have been deposited in the

3334 contained 4.1 x 10° fibers/g dry tissue. Thus, assuming a 10-fold

pleural cavity,
increase in fiber burden in certain areas of the mesothelioma tissues examined by
Suzuki and co-workers, a fiber burden of approximately 500 x 10° fibers/g could be
anticipated, which is still generally lower than the fiber burden required to increase
mutation frequency in rats and mice. Importantly, DNA maintenance and repair
systems are much more robust in long-lived humans than in short-lived species such

3¢ indicating that much higher levels of DNA damage are required to

as mice,
overwhelm the DNA monitoring and repair systems of human cells and increase
mutation frequency compared to rats and mice. While assessment of asbestos fiber
burden is uncertain,’® and the proportion of active fibers and inactive sequestered
fibers present during the development of mesothelioma in these patients is unknown,
the reported data of fiber burden in pleural mesothelioma tissue support the premise
that fiber burdens below those that are overtly mutagenic can be carcinogenic and

argue that asbestos-mediated DNA damage does not necessarily overwhelm the DNA

monitoring and repair systems of pleural mesothelial cells. Another point is that



people can develop pleural mesothelioma after low level occupational or non-
occupational exposure to asbestos, which results in lower but still carcinogenic fiber
burdens,”””® further supporting the premise that fiber burdens below those that are
overtly mutagenic can be carcinogenic.

A simple proposal that can explain the ability of low, seemingly non-mutagenic
levels of asbestos fibers to cause malignant carcinomas is that these fibers cause
damage to the DNA of proliferating cells. Thus, even if only a very low level of DNA
damage is generated, the damage may not be repaired prior to DNA replication and
could result in mutations in proliferating cells: mutations acquired by a relatively few
proliferating cells may not be discernable when assessing the mutation frequency of
whole tissue, but could nevertheless eventually lead to neoplastic transformation.

The arguments presented above assert that during the initial stages of asbestos-
associated neoplastic transformation, the DNA monitoring and repair systems of
pleural mesothelial cells are not overwhelmed by asbestos-engendered DNA damage,
but rather proliferating cells acquire non-lethal oxidative DNA damage and that this
damaged DNA is replicated before it is repaired. Three properties of asbestos
contribute to this process: 1) asbestos can directly damage the tissue; 2) asbestos
induces an inflammatory response; 3) asbestos induces the generation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS).>*

Asbestos can induce necrosis or apoptosis of all relevant lung and pleural cells,
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especially mesothelial cells. Asbestos-mediated induction of cell death brings

about a tissue repair response and consequent proliferation of potential target cells.
Asbestos induces inflammatory responses via multiple routes. Asbestos can
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induce necrosis of mesothelial cells, and cells undergoing necrosis release

intracellular proteins such as HMGBI1 (high mobility group box 1) that act as danger



associated molecular patterns (DAMPs), also known as alarmins, that interact with
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and activate inflammatory cells. Interaction of asbestos with living tissue cells

3% In addition, it is well known that

can also promote inflammatory signaling.
interaction of asbestos with phagocytes elicits an inflammatory response.® Mediators
released during the inflammatory response can cause tissue damage, bringing about a
tissue repair response and consequent proliferation of potential target cells.**

Like asbestos-associated inflammatory responses, asbestos induces generation
of ROS and RNS species by multiple routes. ROS can be generated by iron
complexed with asbestos fibers via iron catalyzed Fenton reactions.” Interaction of
asbestos with tissue cells can also induce the generation of ROS and RNS,>* which
can damage the DNA of neighboring cells even if the asbestos interacting cell dies.
Interaction of asbestos fibers with phagocytes also results in the generation of ROS
and RNS.>**® Therefore, asbestos-associated tissue damage coupled with asbestos-
associated generation of ROS and RNS establish conditions that enable these reactive
oxidants to damage the DNA of proliferating cells.

A cell must acquire multiple mutations before it is able to undergo deregulated
replication; therefore, multiple cycles of tissue damage, tissue repair, and damage of
the DNA of replicating cells must occur in order for a cell to acquire the requisite
mutations for neoplastic transformation. In addition to acquiring DNA damage and
fixing consequent mutations into daughter cells, cycles of replication also increase the
number of target cells. This is essential, as all the mutations required for
carcinogenesis must accumulate in one cell. As noted above, asbestos itself and
asbestos-associated inflammatory responses engender such cycles. If exposure to
asbestos fibers is terminated, the cycles of tissue damage/repair will also cease and

the neoplastic transformation process will arrest. Since mutations caused by asbestos



exposure are random, the exact number of tissue damage/repair cycles an asbestos-
exposed cell undergoes before it is able to undergo deregulated replication is not
predictable, but it commonly takes decades before normal cells exposed to asbestos
acquire the mutations that allow them to generate a detectable tumor.'>*°

One of the consequences of the random nature of mutagenesis coupled with the
high fidelity of a human cell's DNA maintenance and repair systems is that it has been
argued that the requisite mutations needed for neoplastic transformation are highly
unlikely to occur within a human lifetime, leading to the possibility that some early
mutations negatively impact DNA maintenance and repair.”’ This mutator phenotype
has been described as an enabling characteristic of cancer.”'’

Once a cell has acquired the requisite mutations that allow deregulated
replication, it is able to respond to mutations that promote its proliferation. During the
promotion phase of tumorigenesis, the rate of replication, and therefore the rate of
mutation, will increase. Asbestos-associated damage and inflammatory responses also
play a key role in the later stages of carcinogenesis as the initiated cells acquire
additional mutations, which can include the gross chromosomal damage known to be
caused by asbestos, that ultimately result in the formation of an invasive tumor with
the capability to metastasize, 1% 52:62 (also see ef 63 and references therin)

Therefore, we propose the following points: (1) To acquire the initial mutations
required for neoplastic transformation, asbestos-engendered reactive oxidants must
damage the DNA of proliferating cells. (2) Asbestos-engendered reactive oxidants are
capable of damaging the DNA of proliferating cells because (a) asbestos causes tissue
damage, both directly and through asbestos-induced inflammatory responses, and this

results in cell proliferation to repair the damage, and (b) asbestos causes the

generation of DNA damaging oxidants. Thus, the asbestos-engendered oxidants are



able to damage the DNA of the cells proliferating in response to asbestos-associated
tissue damage. (3) Asbestos fibers do not need to cause a high level of DNA-damage
since the damage is in proliferating cells; consequently, even low, incidental exposure
to asbestos can cause damage to DNA that is replicated before it is repaired, thereby
enabling mutations to be fixed into the genomes of daughter cells. (4) The initial
mutations that enable cells to begin to undergo neoplastic transformation target genes
that allow the cell to bypass tissue and cellular checkpoints that inhibit deregulated
DNA replication, and perhaps mutations that target the cell's DNA maintenance and
repair systems to allow the cell to acquire a mutator phenotype. (5) During this initial
stage, the cell will proliferate in a normal and regulated manner, and consequently,
repeated cycles of asbestos-associated tissue damage and repair are required for the
initiation of asbestos-associated carcinogenesis. The idea that asbestos-associated
inflammatory responses and repeated cycles of asbestos-associated tissue damage and
repair are required for the development of malignant pleural mesothelioma is more
than a decade old. Coussens and Warb, 2002, writing about inflammation and cancer
(with pleural mesothelioma being associated with asbestos-induced inflammation):
"Hence, repeated tissue damage and regeneration of tissue, in the presence of highly
reactive nitrogen and oxygen species released from inflammatory cells, interacts with
DNA in proliferating epithelium resulting in permanent genomic alterations such as
point mutations, deletions, or rearrangements." ®' Okada and Fujii, 2006, also writing
about inflammation and cancer (with pleural mesothelioma being associated with
asbestos-induced inflammation): "It is assumed, therefore, that continuous generation
of ROS/RNS by phagocytes may injure cells. This could, in turn, cause compensatory
cell proliferation, which will effectively accumulate DNA damage and gene

mutations; all these steps are essential to carcinogenesis." ®* Topinka et al., 2004,



wrote "We propose that asbestos-induced mutations develop gradually from oxidative
DNA lesions being converted into mutations in proliferating cells during a continuous

inflammation process." *°

Yang et al.,, 2008, wrote "In particular, crocidolite is
generally considered to be the most oncogenic type of asbestos. The long and thin
fibers (especially > 8 um in length < 0.25 pm in width) are thought to be more
dangerous, because they have longer biopersistance in the pleura. These fibers are

able to penetrate the lung and cause repeated damage, tissue repair and local

. . 8
inflammation."

Concluding Remarks:

The fidelity of the DNA maintenance and repair systems of mammalian cells is
exceedingly effective. Therefore, repair of non-lethal asbestos-associated DNA
damage is very efficient. Consequently, unless a pleural mesothelial cell sustains
levels of damage that overwhelm the cell's DNA maintenance and repair systems, a
resting normal pleural mesothelial cell is highly unlikely to acquire mutations caused
by asbestos-associated DNA damage. Since the pleural mesothelium is not exposed to
levels of asbestos fibers that would cause enough DNA damage to overwhelm the
cell's DNA maintenance and repair systems, we propose that oxidative damage of the
DNA of actively propagating cells is essential for the generation of the initial
asbestos-induced mutations that eventually lead to the development of malignant
pleural mesothelioma. This proposition requires that DNA-damaging oxidants are
generated in the immediate vicinity of proliferating cells. Since asbestos fibers cause
both oxidant generation and tissue damage followed by tissue repair, exposure of the
pleural mesothelium to asbestos results in proliferating cells being exposed to DNA-

damaging oxidants. The DNA damaging oxidants are ROS and RNS species
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generated when asbestos interacts with mesothelial cells and phagocytes, and ROS
can also be generated by iron complexed with asbestos fibers via iron catalyzed
Fenton reactions. Asbestos fibers cause tissue damage by direct interaction with tissue
cells and also indirectly via asbestos-associated inflammatory responses. Proximate
mesothelial cells proliferate in response to this damage and are consequently exposed
to asbestos-engendered DNA-damaging oxidants. After numerous cycles of asbestos-
associated tissue damage/repair, a few cells will accumulate the mutations required to
bypass many of the cell's innate proliferative and cellular damage checkpoints,
initiating the neoplastic transformation process. Ultimately, as mutations accumulate
and the cells' interaction with the host progresses, pre-neoplastic lesions develop and
some of these lesions can harbor cells capable of evolving into cancers of the pleural
mesothelium.

Importantly, this proposal argues that asbestos-mediated generation of
mutations will begin upon exposure of the tissue to asbestos fibers and does not
require asbestos fibers to accumulate to exceedingly high levels before generation of
DNA mutations begins. But continued exposure to asbestos fibers, enabled by
biopersistence and repeated exposure to asbestos fibers and opposed by the body's
defenses, is required for the multiple cycles of tissue damage and repair in the
presence of DNA damaging oxidants that is required for initiation and perpetuation of
the carcinogenic process. The higher the level of exposure to asbestos fibers, the more
the body's defenses against inhaled particles will be frustrated, and the inflammatory
responses, generation of DNA damaging oxidants, and tissue damage will become
stronger and more extensive. This will result in DNA damage and mutations in an

increasing number of proliferating cells, augmenting the carcinogenic process.
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These arguments also apply to other inhaled particles. We propose that any

particle that causes inflammatory responses and generation of reactive oxidants and

multiple cycles of tissue damage and tissue repair is a potential carcinogen.
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