' : TECTED
= NOTICE: THIS IATERIAL MAY BE PROTECTL
O N APV RIGH T LAW (TITLE 17 U.$, GODZ)

The Pathogenesis of Mesothelioma

Michels Carbone, Robert A. Krazke, and Joseph R. Testa -

About 80% of malignant mesotheliomas (MM) in the
Waestern World develop in individuals with higher than
background exposure to asbestos. Only a fraction of
thasa exposed to asbeatos develop mesothelioma, in-
dicating that additional factors play a role. Simian virus
40 (Sv40), a DNA tumor virus that preferentially
canses mesothelloma in hamiters, has been detected
in several human mesothellomas. The expression of
the SV40 large tumeor antigen in mesothelioma cells,
and not in neafby stromal ceils, and the capacity of
antisense T-antigen treatment 16 arrest mesothelioma
cell growth In vitro suggest that SY40 contributes 1o
tumor development. The eapachty of T-antigen te bind
and inhibit ceflular p33 and retinoblastorna {Rb)-family
proteins in mesothelloma, together with the very high
susceptibllity of human mesothelial cells to SY40-me-
diated transformation in vitro, supporis a causative
role of SV40 in the pathogenesis of mesothelioma. As-
bestos appears to Increase $V4Q-mediated transforma-

~ tion of human mesothelial cells in vitro, suggesting that

asbestos and SV40 may be cocarcinogens. p33 muta-
tlons are rarely found in mesothelioma; pl6, pl4ARF,
and NFZ mutationgfiosses are fraquent, Recent studies
revealed the existence of 2 genetic factor that predis-
poses affected Individuals to mesothelioma in the vil-
lages of Karain and Tuzkay, in Anatolia, Turkey. Erio-
nite, a type of xealite, may be a cofactor in these same
villages, where 50% of deaths are caused by mesotheli-
oma. Mesothelioma appears to have a complex etial-
ogy in which environmental carcinogens (asbestos and
erionite), ioniting radiation, viruses, and genetic fac-
tors act alone or in concert to cause malignancy.
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ESOTHELIAL CELLS form the serosal lin-
ing of the pleural, pericardial, and peritoneal
cavities.! Among the most undifferentiated cells of
our body, mesothelial cells are capable of differen-
tiating morphologically into epithelial-like cells or
fibroblast-like cells. Mesothelial cells can be dis-
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tinguished from epithelial cells and fibroblasts be-
cause of their ulramicrascopic characteristics and
their immunophenctype.! Mesothelial cells are
the adult equivalent of mesoderm, which covers
the celomic cavity. [n the adult, the mesoderm is
called mesothelium, but to the best of our knowl-
edge, mesoderm and mesothelium are equivalent.
Another characteristic of these cells is their high
level of wild-type pa3. The levels are four to five
times- higher than in fibroblasts, and p53 is easily
detectable by immunostaining {normally only ma-
tated p53 is detectable by immunohistachemistry
because wild-type p33 does not accumulate to suf-
ficient amounts to be detectable by this tech-
nicue). Malignant mesotheliomas (MM) are very
aggressive tumors that originate from mesothelial
cells. Due to the tumor's aggressive nature and
resistance to chemotherapy, the median survival
from the time of diagnosis is abour 1 year. The
term “malignant” is often added to thar of me-
sathelioma, because, unfortunately, the latter is
also used to describe a number of rare and mostly
benign tumors that have little, if anything, to do
with MM.! We will briefly describe these entities

- and thereafter use the rerm “mesothelioma” to

indicate the classic malignant tumors of the pleura
associated with asbestos exposure and recently to
Simian virus 40 (8V40) infection and genetic ab-
normalities,

BENIGN MESOTHELIOMAS

Multicyszic mesothelioma, also called multiloc-
ular peritoneal inclusion cyst, is a benign mesothe-
tia) lesion, characteristically formed by multiple
cysts amranged in grape-like clusters. Adenomatoid
mesotheliomas are benign mesothelial lesions of
the genital system. Mesothelioma of the atrioven-
tricular node is neither a mesothelioma nor a tu-
mor. This lesion represents congenital heterotopia
of the endodermal sinus in the atrioventricular
node. Well-differentiated papiliary mesothelioma
is found more often in the abdominal cavity of
young women. Histologically, it is formed by mul-
tiple papillary structures covered by cytologically
benign mesothelial cells. The lesion is benign, but
there have been oceasional cases in which several
vears after diagnosis the patient developed a true
mesothelioma. Localized mesothelioma, better re-
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ferred to as locallzéd fibrous tumor of the pleura, is
thought to originate from the submesothelial cells,

but it is unctear what submesothelial cells are. The -

tumor cells have a benign fibrous appearance and
are characteristically negative for cytokeratin and
positive for CD34, which suggests that these cells
ate not of mesothelial origin. Occasionally, local-
ized fibrous tumors of the pleura are histologically
and cytologically malignant and clinically these
tumors are charactetized by multiple recurrences
after resection, and a poor prognosis. As stated
above, these benign mesotheliomas should not be
confused with the classic MM, which are among
the most aggressive human tumors. Howevér, to
futther complicate the matter, histologically ma-
lignant mesotheliomas have occasionally been as-
sociated with long survival durations of years or
even decades. Whether the latter should be called
MM is debatable.

ASBESTOS

Prior to the 1950s, MM were extremely rare.
The first documented case of mesothelioma, ac-
cording to current diagnostic criteria, was pub-
lished in 1947.2 In fact, some authors even ques-
tioned whether mesotheliomas existed ar all
because using current methodologies and review-
ing 47,000 autopsies performed at the Massachu-
setts General Hospiral from 1896 until 1947 they
did not find any evidence of mesothelioma.? From
1947 until 1990, abour 100 mesotheliomas were
recorded at autopsy at the Massachusetts General
Hospital.? In the last half century, the incidence of
mesothelioma has significantly increased, and, cur-
rently, 2,000 to 3,000 cases are diagnosed per year
in the United States alone.* The exact number of
mesotheliomas in the United Srates is, however,
unknown, because these numbers are projections
from the Surveillance, Epidemiology and End Re-
sults {SEER) program. The SEER provides popu-
lation-based, tumor-specific data on all histo-
logically proven cancers occurring in selecred
geographic sites in the Unired States, and includes
approximately 12% of the US population. Frojec-
tions of these data are used to predict the total
number of different tumor types. However, the
total number of mesotheliomas appears to be very
difficult to predict because the incidence of me-
sothelioma is higher in states with asbestos indus-
tries. The population that provides the SEER. data
was not chosen according to the presence or ab-
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sence of asbestos sources. Furthermore, the Atlas of
Cancer Montality in the US 1950-19%, compiled by
the National Cancer Institute (NCI), combines
cancers of the lung, trachea, bronchus and plewsa,
making it impossible to study the incidence of
a relatively rare cancer such as mesothelioma.’
Therefore, the incidence of mesothelioma in the
United Srates cannot be estimated precisely.

The increase in mesothelioma has paralleled a
much more widespread use of asbestos in this cen-
tury.81¢ Approximately 80% of mesotheliomas are
associated with asbestos exposure, and about 5% of
asbestas workers develop mesothelioma #10 These
observations establish an indisputable link be-
tween asbestos and mesothelioma 461 At che
same time, these findings indicate that. most peo-
ple exposed to asbestos do not develop mesotheli-
oma, and that there are abour 400 to 600 mesothe-
lioma cases per year in the United Scates alone,
which are not associated with ashestos. Rare cases
of mesotheliomas in children and infants also sug-
gest that other factors may be involved in the
etiology of the tumor* Mesotheliomas develap in
adults after a very long latency. Unless asbestos
aces differently in children than in adults, cases of
mesothelioma in children are not the result of
asbestos. Thus, it is arguable that other factors,
alene or in conjuncrion with asbestos, play a role
in the development of mesothelioma.

In addition to mesothelioma, asbestos causes
two other lethal diseases: hmg cancer and asbes-
tosis,” and two benign diseases: pleural plaques and
pleural effusions.»? There is also some evidence
that asbestos may increase the risk of laryngeal
cancer.* Asbestos and cigarette smoking have a
synergistic carcinogenic effect in the pathogenesis
of lung cancer.” Smoking also increases the risk of
asbestosis, because stnoke inhibits the mucociliary
activity and increases fiber retention. Asbestosis
develops in individuals exposed to very high
amounts of asbestos (Table 1}. There is a threshold
level below which asbestosis is not seen, and the
lower the expasure, the longer it takes to develop
the disease. However, only a fraction of individu-
als exposed to fibrogenic doses of asbestos develop
asbestosis, indicating thar additional and presently
unknown factors play a major role in determining
individual susceptibility.”?

The relationship between asbestos and me-
sothelioma is unique. In contrast to lung cancer
and asbestosis, smoking does not increase the risk
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Table ). MWMHWDMqumMWAw_ -
Uncoatad Fibars™™ Crodidolite”t Amosite™t Amosiee’}
Contrals 0:20 0.14-1.00 0.02-0.93 0.7
Masothelioma & 53 (J04PTL-Mb) 103 (LOOFTL-MM) 02
Asbeatosls 650 1,100 450, 10

“Fibarsfe % 10° {uncoated Fbers, mosty amosite).

1 Milion fibersidry lung.

tFibers X |0%g dry lung.

Abbreviation: PTL-MM, perittneal malignant mesatheliomi

of mesothelioma,’! In contrast to asbestosis, in
which there is a dose-response telationship {the
higher the exposure the higher the risk), this as-
sociation does not exist for mesothelioma (Table
1), except for chrysotile asbestos, which may be
oncogenic only at high doses.”

Asbestos, in facr, is a generic name for 2 family
of naturally occurring silicate minerals with differ-
ent carcinogenicities.® The varions types of asbes-
tos are divided into two major groups: serpentine
represented by crysotile, the most common and
economically important form of asbestos in the
Western World; and the amphiboles, which in-
clude crocidolite, the most oncogenic type of as-
bestos, amosite, anthophyllite, and tremolite.6-10
The role of crysotile in the pathogenesis of me-
sothelioma is controversial, whereas the capacity
of amphibole asbestos to cause mesothelioma is
well established epidemiologically.®1¢

There are several reason for the confusion about
crysotile carcinogenicity.8® First, many patients
are exposed to various types of asbestos. For ex-
ample, Canadian crysotile is contaminated with
about 1% of remolite. Some authors attribute the
development of mesothelioma to this contami-
nant,? others disagree.® Second, crysotile miners
have more amphibole than crysotile fibers in their
lungs.”* This is because crysorile can be partially
digested, and it is removed ftom the lung. Amphi-
bole asbestos is more resistant to digestion by cel-
lular enzymes, and accumulates in the lungs.? [n
conclusion, many patients have been exposed to
both crysotile and amphibole asbestos, and it is
difhcult to establish, the amount of exposure to the
different types of asbestos.

When asbestos fibers reach the alveolar re-
gion, the body’s initial response is.an attempt to
phagocytose and remove them from the lung. If

the fiber is short and easily engulfed by alveolar
macrophages, it is efficiently removed from the
lung via transporc o the ciliated epithelium of
the smaller airways and evenrually to the tra-
chea and throat where it is swaliowed. However,
if the fiber is too long ro be phagocytosed, it

‘cannot be removed uniess it is solubilized, which

is not possible with amphibole ashestos. Shorter
fibers can also be retained if the dose is so large
that it overwhelms the pulmonary defense
mechanism. Asbestos fibers have the capacity to
reach the pleura either through the lymphatics,
or by direct penerration, and to cause fibrosis,
pleural plagues, and aventually mesothelioma.!?
In the pleura, amphibole fibers are distributed
heterogeneousty, and are concentrated in the
“black spors” of the parietal pleura.’? These
black spots are the anthracoric deposits observed -

" on the parietal pleura of smokers and of people

exposed to coal dust, and correspond to areas of
deposit along the lymphatics. [t has been sug-
gested that the concentration of asbestos in the
black spots accounts for the similar location of
pleural plaques and for the observation chat
mesothelioma usually originates on the parietal
and diaphragmatic pleura rather than on the
visceral pleura.!? Whether mesothelioma origi-
nates from or ¢lose to these black spots is un-
known,

What happens when asbestos reaches the pari-
etal pleura that ultimately leads vo mesothelioma
is unclear. It is known that asbestos fibers cause
muragenic changes through the production of hy-
droxyl radicals and superoxide anions, leading to
DENA strand breaks and deletions. 671314 How-
ever, the same oxygen radicals are made in re-
sponse to crystallin silica? (which does not cause
mesothelioma), suggesting that additional factors
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contribute to asbestos carcinogenicity and to the
- development of mesothelioma. Alternatively, sil-
ica, in conuest to asbestos, does not reach the
pleura, bur this is unclear. Through mechanically
interfering with mirotic segregation, asbestas can
also alter chromosomal morphology and ploidy of
Syrian hamster embryo cells and cause malignant
transformation.!®* However, human mesothelial
cells are much more susceptible to the toxicity of
asbestos than hamster embryo cells, and mesothe-
tial cells that phagocyrose crocidolite ashestos usu-
ally die and do not become transformed.’¢ In any
event, asbestos may induce DNA damage either by
direct physical interaction,'® or by the indirect
action of reactive oxygen species produced by in-
flammatory cells in response to asbestos. 4671314
Asbestos also induces DNA double-strand breaks
in cultured cells exposed to chrysotile for 24 hours,
~ and DNA repair mechanisms are critical to permit

cell survival following asbestos exposure.l? Asbes-
tos has also been found to influence the normal
activity of genes that regulare the cell cycle and
that are altered in certain human cancers. Cro-
cidolite asbestos was found to stimulate the auro-
phosphorylation of the epidennal growth factor
(EGF) receptor in mesathelial cells, which in wm
triggers the extraceltular-regulated kinase (ERK)
cascade and leads to increases in AP-1 activity and
either cell mitosis if the DNA damage can be
Tepaired, or apoptosis if it cannot be repaireds?
(Fig 1). Recent experiments using cDNA expres-
sion arrays 1o screen differentially expressed genes
.in human bronchial epithelial cells immortalized
by human papillomaviros and subsequently trans-
formed by a single 7-day exposure to chrysorile
asbestos demonstrated that activation of the insu-
lin receptor, and inactivation of DCC {deleted in
colon cancer) and Ku70 may cooperate in malig-
nant transformation. 1€ [t will be important to test
if similar results are obtained in mesothelial cells
exposed to asbestos.

An addirional mechanism by which asbestos
may favor tumor development is mediated through
the immune system, because macrophages produce
DNA-damaging oxyradicals and lymphokines that
depress immune function upon phagocytosis of
asbestos fibers.131419.20 Thus, ashestos is consid-
ered both a local and systemic immunosuppres-
sant!?. :

SIMIAN YIRUS 40

{SV40) is a DNA tumor virus capable of induc-
ing mesotheliomas, as well as other wmors, in
hamsters and of transforming human cells in
vitro.421.22 The SV40 genome is a double-stranded
circular DNA molecule containing 5243 base pairs
that can be divided into two regions, early and
tate, according o the order in which they are
transcribed. The early region encodes three pro-
teins, large T-antigen (Tag), small t-antigen (tag),
and 17kT, and it is responsible for the transform-
ing ability of the virus. The late region encodes
viral coat proteins. Tag binds and inhibits cellular
p53, pRb, and several other tumor-suppressor gene
{T5G) producrs.2*25 Tag is also mutagenic and
causes numerous chromosomal alterations.23-2
The SV40 tag conoributes to malignancy by inhib-
iting che activity of phosphatase 2A (PP2A) and
thus altering the phosphorylation state of several
cell cycle-repulatory proteins.26é These effects are
highly oncogenic, and Tag is considered one of the
most potent carcinogens.??

Although SV40 is endogenous to the thesus
morkey, the virus infected the human population
through contaminated polio vaccines, both atten-
uated and killed, between 1954 and 1963.27.28 Po.
lio vaccines were prepared in cell cultures grown
on monolayers of infected rhesus monkey kidney
cells. Since the virus produces no cytopathic ef-
fects in these cells, their infection went unrecog-
nized until 1960, when infectious SV40 was iso-

lated from some lots of the vaceine. As a resule of

this contamination, it is estimated that 96 million
adults and children in the United States alone
were injected with polio vaceines potentially con-
taminated with SV40. It was estimated thar about
one third of those vaccines contained various .
amounts of infectious SV40, which means rhat
some 32 -million people in the United States were
injecred with infectious SV40.421.222728 Agide
from contaminated polioc vaccines, transmission of
SV40 to humans may have also occurred berween
1957 and 1967, when parenteral adenovirus vac-
cines contaminated with SV40 were used in the
military and, to a limited extent, administered to
the general population.?#? In addition, a high
incidence of SV4{Q-neurralizing antibodies has
been demonsmated in persons handling rhesus
monkeys, as well as laboratory workers handling
thesus monkey kidney cell cultures.2l2? Aside
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from these known exposures, other routes of SV40
transmission to the human population are likely.
Individuals bomn after 1962 with limited risk of
exposure to contaminated polio vaccines had an
approximately 5% to 10% positive rate for SV40-
neutralizing antibodies.?? Since this percentage
cannot be accounted for by the aforementioned
cxposure events, human to human transmission
may be the source. While lirtle is known about
human to human transmission of the virus, hori-
zontal andfor vertical transmission cannot be ruled
out. In addition, children excrered infectious virus

in their stools 3 to 5 weeks after ingestion of

the contaminated oral polio vaccine, providing
another possible roure for person o person trans-
mission, Finally, a recent report presented docu-
-ments indicating that SV40 may have contami-
nated polic vaccines even after 1963.27 Thus,
whether the use of contaminated polio vaccines
inrroduced a new virus into the human population
or simply broadened the infecred population is not
k_nown_ll.zz.27

The actions of SV40 in different cell types are
diverse.l® Monkey cells are permissive, meaning
they allow SV40 replication which causes cell
lysis. In contrast, rodent cells are nonpemmissive,
siice SV40 does not replicate in these cells and
SV40 injection often leads to tumor development
because the viral DNA becomes integrated into
the host cell genome. Human cells ate semiper-
missive, as they allow SV40 multiplication, and on
occasion, following viral inregration in the celiular
genome also cellular transformation. Recently, it
was found that human mesotheliaf ceils (HM) are
unique regarding their susceptibility to SV40.6
HM are infected much more efficiently than hu.
man fibroblasts and epithelial cells.' However,
following infection, the high levels of wild-type
p33 normally present in mesothelial cells bind and
inhibit Tag-mediated SV40 replication; fewer viral
particles are formed, and the cells are not lysed.
Therefore, in mesothelial cells, SV40 can persist
in an episomal state.1¢ The accumulation of Tag in
mesothelial cells causes a rate of malignanrt trans-
formation in tissue culture which is 1,000 w
100,000 times higher than chat observed in other
human cell types infected with SV40.16 Thus, me-
sothelial cells are very susceptible to SV40 infec.
tion and transformation, 16
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EXPERIMENYAL MODELS

Asbestos

Experimental models demonstrating ashestos
carcinogenicity have been established in several
animals.? In 1069, Wagner and Berry injected 96
rats intrapleurally with amosite, crocidolite, and
chrysotile ashestos and found that mesotheliomas
developed in 38, 61, and 55 rats, respectively.®®
Therefore, in contrast to the data in humans, in
animals, all types of asbestos can induce tumors
without notable differences. It was determined
that the likelihood of mesothelioma development
in rats was directly proportional to the quantity of
ashestos injected.3® Hamsters, similar to rats, de-
veloped mesotheliomas upon receiving intrapleu-
ral injections of asbestos, and the incidence of the
malignancy was afso demonsirated to be directly
proportional to the dose administered: 20% and
4% of two groups of 50 hamsters each developed
mesothelioma when injected with 10 and 1 mg of
crocidolite asbestos, respectively.? In humans, a
dose-response telationship between asbestos expo-
sure and mesothelioma was not found (Table 1), It
should also be noted that 10 mg of crocidolite
occupies a volume of about 1 em?®, which is a very

- large volume considering the chest volume of a rat.

Mesotheliomas in these animals occurred after 18

-months, were often small, and were rarely (<10%)

the cause of death.3! The adjacent pleura typically
showed evidence of fibrosis and local invasion was
rarely ohserved. 3!

Inhalation studies are considered by some au-
thors to be a more realistic model of human me-
sothelioma. When rats were exposed to inhalation
of equal weight concentrations of different asbes-
tos types (10.1 to 14.7 mg/l), the incidence of
mesothelioma was one in 146 of those exposed to
amosite, two in 145 of those exposed to antho-
phyllite, four in 141 of those exposed to crocido-
lite, four in 137 rats exposed to Canadian crysotile,
tero in 144 rats exposed to Rhodesian crysotile,
and zero in 126 of the control, nonexposed
group.32 Afrer the conclusion of the 2-year exper-
iment, Wagner et al measured the amount of as-
bestos retained in the lungs. They found rhat the
weight of amphibole ashestos was about 15 times
higher than that of crysotile even though the air
the rats breathed contained similar amounts by
weight of both asbestos types.?? These results in-
dicated that crysorile fibers are less persistent in
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the lung, and that in animals all cypes of ashestos
are equally oncogenic,

Sv40

The oncogenicity of SV40 has been studied
mostly in hamsters. Sixty percent of hamsters in-
jected intracardially with SV40 developed pleural
mesotheliomas within 6 months, and when SV40
was injected into the pleural spaces of these ani-
mals, 100% developed pleural mesotheliomas in 3
to 6 months.3* Mesotheliomas, however, did not
develop in hamsters when SV40 was injected in-
rracerebrally, subcutaneously, or in the femoral
vein. These observations suggest that the route of
SV40 inoculation irdluenced the induction of spe-
cific tumor types. It is possible that in the case of
intracardial injection of SV40, small amounts of
virus reached the pleura through the external sur-

.face of the needle. Hamster mesotheliomas were

large, multicentric, and histologically very aggres-
sive, with both epithelioid and sarcomatoid areas,
and invasion of adjacent tissues. >33 No fibrosis of
the adjacent pleura was chserved. Mesdtheliomas
were uniformly fatal in hamsters within 3 to 6
months. Thus, in hamsters, there are striking mor-
phological and clinical differences among me-
sotheliomas caused by SV40 and those caused by
asbestos. !

ASBESTOS EXPOSURE

It is generally agreed that background exposure
(ie, most people who live in industrial areas or in
large cities contain some asbestos fibers in their
lungs) does not constitute a health risk, and that
mesothelioma and other diseases are associared
with higher than background levels of exposure.
However, measuring higher than background lev-
els of exposure is a difficult task prone o errors.
Some - studies rely on history of exposure, while
others ook to the amount of asbestos fibers found
in the lungs (lung content analyses).

Studies based on history of exposure suffer from
the inherent imprecision of this methodology.
Some history studies are based on partient inter-
views, others on interviews of relatives or friends,
others on death certificates or medical records.
Not surprisingly, these studies produce quite dif-
ferent results, and the proportion of asbestos-asso-

" ciated mesothelioma in the literature varies from

16% to 90%.%% Sotne patients (or friends and rel-
atives of the patients) may not be aware that they

7

were exposed; others may erroneously think that
they were exposed to asbestos, when in fact they
were exposed to dust that did not contain asbestos.
Histories are often taken decades after exposure
and it is often impossible to confirm the patient’s
recollection of the events. Furthermore, at least for
the smdies conducted in the United States, there
is a strong incentive to report some typé of expo-
sure because the US Courts of Law award substan-
tial compensatory damages to patients with ashes-
tos-associated mesotheliomas. Even when these
histories are based on cohorts of asbestos workers,
it is often very dificult to quantify exposure.!?
Different methodologies have been used to mea-
sure ashestos fiber concencrations in the wotk
place air. Different workers may be exposed to
different amounts of asbestos because of different
jobs within the same company. These variables
make precise estimates of exposure problemaric.!®

The studies. based on lung content analyses may

be more relisble because there is an cbjective
amount of asbestos to measure. However, these
studies also face difficulties because the amount of
ashestos varies in different areas of the same lung,
and because the results obtained are so dependent
on the instrumentation used, and other unknown
factors, that interlaboratory comparisons are con-
sidered unreliable.” Therefore, the results of lung
content analyses can be compared only with the
standards of the laboratory that has conducted the
analyses (Table 1). Within these limitations, stud-
ies of lung content analyses offer an objective
raeasure of asbestos exposure. However, relatively
few of such studies have been conducted because
lung tissue is seldom available. A review of some of
the published lung content studies seems to indi-
cate that the incidence of mesothelioma is not
directly related to the amount of exposure. Sur-
prisingly, a higher incidence of mesothelioma was
observed in individuals with above background
exposure bur with exposures considerably lower
than those observed in patients with asbestosis
{Table 1).

The mean latency for asbestosis was 12.6 to 20.2
years following exposure,” compared to 32 years for
mesothelioma®?; thus, some individuals may die of
asbestosis before they can develop mesothelioma.
However, only a fraction of individuals exposed to
high levels of asbestos develop asbestosis,? and
most mesothelioma patients do not appear to have
very high levels of asbestos fibers in cheir lungs



Fig 1. Mesothelioma pathogenesin possible pathogenic
mechanisms of ashestos and SV4D, Arrowheads indicate a stim-
ulatoty effect; crossed bars Indicate un inhiblvory effect. Tag,
S$V40 largs T-antigen; aag, SY40 smal) t-antigen; ROS, reaztive
oxygen species; TSG, tumor-suppressor genes; PP1A, phosphas
tasa ZA. The circle Indicates nonintegrated SY40; however, In
some tumors SV40 has been found integrated in the hot celt
DNA; NF2, neurofibrematosis type 2 gene (often deleted in
mesotheliomat™), (A) Asbestos Induces autophosphorylation
of the EGF receptor, whith activites the mitogen-activated
protein (MAP) iinases, And through a set of intermadiaries this

_ process indutes AP-1 activity, which leads ¢o cell mitesis and

apoptosis.* If the masothellal coll contales alterations of plé,
a CDK [nhibitor, or of the relatsd pl4 ARF, which inactivates
MDM2 and thus interferes with the p53 and pRE cellular path-
ways, coll division rather than apoptosis muy ensue, Sknilarly, If
the mesothefind cell Is Infected with SV40, the Tag-mediated
Inhibition of the cellular damage repair pathway and the anti-
apoptotic activity of low amounts of Tag may favor cell division,
Furthermore, tag-mediated Inhibition of cellwlar PP2A, which
nermally dephorphorylates and thus iwactivates the MAP ki-
nases, may increase the effects of asbastos on AP-1. Mesothe-
liornas often centain alterations of plé and pl4 ARF, and of
several other ¢ell regulatory genes.! The precise mechanisms
that cause thass slterntions are unknawn. (B} The figure p
posas that the mutagenic RDS produced by i
phagocytas fallnwing ingestion of asbestos fibars, and the mue
tagenic activity of Tag, may both contribute to genstic dam.
age. Damaged cells will most often execute apoptosis, but
raraly they may divide, saccumuiste additional genetic damage,
such a5 | p and NF2 deletions which ore often found in mesothes
lloma,* and beeorme malignant
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{Table 1). It is also possible that very high levels of
ashestos are so toxic for mesothelial cells that few,
if any, cells are left alive near conspicuous asbestos
deposits. This is supported by tissue culture exper-
iments which demonstrave that relatively high lev-
els of crocidolite asbestos (>2.5 ugicm®) cause
100% mesothelial cell death within 1 week.!6é This
hypothesis, summarized in Fig 2, surmises that
individuals with higher than background levels of
ashestos exposure have an increased rigk of devel-
oping mesothelioma. When the levels of exposure
are very high, most mesothelial cells near amphi-
bole asbestos deposits may be dead and, therefore,
there may be fewer potential targets for maltgnant
transformarion. This may account for the unex-
pected findings presented in Table 1.

The possible lack of a direct correlation be-
tween amount of exposure and mesothelioma {Ta-
ble 1) further suggests that individual susceptibil-
iry*¢ andfor additional carcinogens* play a major
role in determining, among exposed individuals,
those who will develop mesothelioma. For exam-
ple, several studies have reporred mesothelioma in
the wives of asbestos workers (indirect exposure),
especially asbestos miners.’” Apparently these
women were exposed by washing their husband's

Fig 2. Worlding hypothesis to aecount for the findings re-
ported in Tahle | (thick arrow indicates ‘s higher frequency
tompared to the thin arrow). Top: High leveis of crucidolits or
amosite asbestos Induce u high percentage of mesothelial cell
death; few ithelial cedls T in. Because the numbar of

potential targets for malignancy (je, the mesothelial cells) is
reduced, ashustosis is more frequent than masothelioma, Mid-
die; Moderate exposurt above background Induces some me-
sothellal coll death; however, many mesothelinl cells survive
and ah cccasional coll may become transformad. Bottorm At
bachground levels, & higher risk for thelioma or asbestosi:

is relatively rare because the amount of exposure Iy insufficlent
to cause disease,
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wark clothes, which were contaminared with as-
bestos. One would surmise that these women were
exposed 1o amounts of asbestos considerably lower
than their husbands. The minimum length of time

of indirect exposure was 5 years,>? but most me-

sotheliomas occurred in women whose husbands
had werked for 10 or more years in the asbestas
industry3? Tr has been suggested thar for 2 given
amount of ashestos exposure, prolonged exposure
to moderate amounts is tuch more dangerous that
inrense exposure to the same amount within a
brief interval of rime.!¢

A high incidence of mesothelioma in certain
farnilies?6-36#0 supgests the existence of a putative
mesothelioma susceptibility gene. The limited size
of these families, however, hampers the possibility
of isolating this putative gene (see below). An
alternative explanation is that the entire family
was exposed through the contaminated clothes of
a family member,36383% or worked with 2 contam-
inated asbestos oven®® Even if the entire family
was exposed to asbestos, the incidence in several
family members is too high to be ateribured solely
to asbestos, because the incidence of mesotheli-
oma in asbestos miners is 5% or less.’? Thus,
exposure to ashestos alone should not account for
mesothelioma in several family members, unless
~additional factors, such as a genetic defect or viral
infection, made the members more susceptible to
asbestos carcinogenicity.

ASBESTOS AND HUMAN MESOTHELIOMA

In a mortality study of 1,225 deaths among
7,317 men who worked in crocidolite or amosite
mines in South Africa, there were 30 mesothelio-
mas.'® Twenty of these were in crocidolite miners
(in 423 deaths, 4.7%), four were in amosite miners
{in 648 deaths, 0.6%), and six in miners with
mixed exposure (in 154 deaths, 3.9%).7 Among
crocidolite-associated mesotheliomas, six devel-
oped in individuals exposed from 12 to 95 months,
six in miners exposed for 96 1o 191 months, and

eight in miners exposed for more than 192

months. Among the 10 amosite or mixed exposure
mesotheliomas, four developed after exposure of 3
to 11 months, two in miners exposed from 12 10 95
months, and four in miners exposed for more rhan
192 months. The mean latency of mesothelioma
from exposure was 44.9 years for crocidolite min-
ers, 51 years for amosite miners, and 12.3 years for
miners exposed to both crocidolite and amosire.

This study indicated that crocidolite is more
dangerous than amosite in humans.1® [t also sug-
gested that there is 2 threshold level below which

the increase in mesothelioma risk cannot be de-

. tected.1¢ [n fact, no mesotheliomas were observed

in minets with a period of exposure below 3
months, and the higher risk of mesothelioma was
in miners exposed for more than 16 years.
Lanphear and Bunchet? reviewed 21 reports of
a rotal of 1,690 mesotheliomas and found thar
99% of mesotheliomas occurred 15 years or more
after asbestos exposure, 96% had a larent period of

at least 20 years, and none occurred less than 10

years from exposure. The mean latency was 32
years. What happens during this considerable la-
tent period remains unclear, but two major theo-
ries can be suggested. The first postulates that
malignant transformation occurs relatively séon
after asbestos exposure, but that it takes a long
time (years) for the tumor o grow. If true, this
scenario would have important clinical implica-
rions, because it implies that, similar to carcinoma
in situ of the cervix and to colon adenomas, we
should have many years to detect mesothelioma in
its early stages when it can be cured by surgical
resection. Unfortunately, mesothelioma, in con-
trast to cervical carcinomas or colon adenamas,
does not have a long premalignant noninvasive
phase. If such phase exists, it lasts for a short -
period of time, because it is nor clinically detect-
able by current methods.! It should be noted that
other benign lesions of the pleura, such as fibrous
tumots, are detected clinically, because these le-
sions cavse pain and accurnulation of Aluid in the
pleural caviry. ’
The second theory argues that genetic aleer-
ations induced by asbestos accumulare over time -
and eventually after about 30 years lead o 2 ma-
lignant cell. This theory requires that either the
same cell or cell lineage accumulates demage over
mote than 30 years. It may appear unlikely that,
given the high toxicity of asbestos for mesothelial
celis,i6 2 damaged cell or irs daughters could sur-
vive for 30 or more years in the presence of asbes-
tos while accumulating sufficient genetic damage
to become malignant. Howaver, mesothelial cell
transformartion may be more likely if a key regula-
tory gene, such as the INK4a/ARF locus on chro-
mosome 9p2] is deleted or silenced by an epige-
netic mechanism, ie, promoter methylation. In
this event, additional mutations may accumulate
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relatively rapidly. INK4a/ARF codes for pl6, a cy-
clin-dependent kinase inhibitor, and for p14ARF

(the murine homolog is pl9ARF), which promotes

MDM? degradation and thus prevents MDM2
neurralization of p53. Both pl6 and pI4ARF are
often deleted in mesothelioma.#25 Most murations
may be incomparible with cell survival, bur ocea-
sionally this process may lead 1o a malignant phe-
notype. The likelihood of this process may be
increased if mutations accumulete rapidly. Once
the mesothelial cell has reached the malignant
transformed phenotype, cell growth will be very
rapid and the tumor will soon become clinically
detectable. This scenario. would account for the
clinical observation that malignant mesotheliormas
are very aggressive and fast growing malignancies
which develop 20 to 50 years after asbestos expo-
sure, Figure 3 summarizes these concepts.

SV40 AND HUMAN MESOTHELIOMA

. The discovery that SV40 caused the develop-
ment of mesotheliomas in hamsters led to poly-
merase chain reaction (PCR) analysis of human
mesothelioma specimens for the presence of the
virus. Altogether, 29 of 48 (60%) mesothelioma
samples contained SV40 sequences. SV40 Tag
expression was also detected by both immuno-
histochemistry and immunoprecipitation experi-
ments.*! These results were confirmed by an inde-
pendent multilaboratary swdy organized by the
International Mesothelioma Interest Group,** and

by more than 26 other laboratories worldwide. 434 -

Two studies did not detect 5V40 in mesothelio-
mas.?? Furthermore, Hirvonen et al, at the Finnish
Institute of Occupational Health, were unable to
find SV40 in Finnish mesotheliomas, but in the
same study US mesotheliomas tested positive, s
This finding suggests that there may be marked
geographical differences regarding the presence of

the virus in human rumors. These differences may

be related to the fact that SV40-contaminated
vaccines were not administered in Finland 4% to
the markedly different amounts of contamination
among different batches of poliovaccines distrib-
uted in the United States and Europe,?1:22:27.28 gr
to other unknown factors. Aside from mesotheli-
omas, 5V40 has also been detected in humsn
tumots of the same types that it induces in exper-
imental animals, including ependymomas, choroid
plexus tumors, and osteosarcomas.*? Several tech-
niques, including PCR, in situ hybridization, mi-
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crodissection, and immunostaining, have shown
that $V40 sequences or antigens are present in
tumor cells but not in normal adjacent tissue464°
Caution should be ysed, however, when using anri-
Tag menoclonal antibodies, because some prepa-
rations may be contaminated with a protein thar
causes false-positive reactions.’® These false-posi-
tive reactions cause a cytoplasmic staining, and
thus can be distinguished from true Tag staining,
which is nuclear. Farthermore, contaminated Tag
monoclonals seain 100% of the cells, regardless of
cell type.50 In contrast, pure Tag monocionals ondy
stain the nuclei of mesothelioma cells and not the
nearby stromal cells,* and stained only two of 38
human mesothelial cell culrures: approximarely
96% of the cells of these two cultures and none of
the cells of the other 36 SV40.negative mesothe-
lial cell culrures.5!

Experiments to investigate if Tag was biologi-
cally active in human mesotheliomas found that
Tag and p53 were often coexpressed.*® Immuno-
precipitation reactions demonstrated that Tag
binds and stabilizes p33 in mesotheliomas, allow-
ing its derection.®® Furthermore, wmor cells ex-
pressing Tag failed to induce p21, indicating that
P53 was inactivated by its interaction with Tag. %
Treatment of SV40-positive mesothelioma cell
lines with Tag antisense restored the p53 pathway
and induced pll expression and growth arrest,
which suggests that Tag expression was required
for malignant transformation.’? Aside from p33,
Tag was also shown to bind, stabilize, and inacti-
vate members of the retinoblastoma {Rb) tumor-
suppressor family-—pRb, p107, and pRb2/p130 in
human mesotheliomas,?® and 1o cause the inacti-
vation of RassF1A genes.5? '

SV40- particles were detected by electron mi-
croscopy in human mesothelioma cells, and in
these cells SV40 caused hepatocyte growth factor
production and the activation of the MET onco-
gene, which in tum promoted mesorhelial cell
growth.> These findings were tecently presented
at a consensus meeting at the University of Chi-
cago; the consensus was that {1} it has been con-
vincingly demonstrated that SV40 is present in
about 40% to 50% of human mesothsliomas in the
United States; and (2} that the role of V40 in the
pathogenesis of mesothelioma has been consider-
ably strengthened in the past 4 years. ™
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RADIATION AND HUMAN
MESOTHELIOMA

There have been several case reports in which
mesatheliotna developed in patients who had re-
cetved radiation to the thorax or to the abdomen,
of who had received Thorotrast intravascularly.’
Mesothelioma in these patients developed after an
interval of 7 to 36 years. In many of these cases,
the possibilicy that asbestos or other factors had
contributed to mesothelioma could not be entirely
ruled out. However, at least for those mesothelio-
moas which developed in young adults who had
received intensive radiotherapy in their childhood
because of Wilm’s tamor, radiation appeared as the
only possible causative factor. In these cases, a
portion of the lung, and thus of the pleura, was
included in the radiation fields of the abdomen.
Lung content analyses studies were performed in
one of these cases and revealed background levels
of asbestos only, supporting radiation as the caus-
ative factor of that particular mesothelioma. >
Studies in rats supporr the notion that radiation
exposure can cause mesothelioma: 27% of rats
exposed by intraperitoneal injection to 2**Pu0,
developed epithelial mesothelioma, and 38% de-
veloped sarcomas, possibly sarcomatous mesothe-
liomas.5? It seems safe to state that intensive radi-
ation exposure ¢an cause mesothelioma; however,
the overall number of mesotheliomas caused by
radiation is probably small.

GENETICS AND HUMAN MESOTHELIOMA

In the villages of Karain (population ~600) and
Tuzkoy (population ~1,400) in Cappadocia, a re-
gion in Central Anatolia, Turkey, characterized by
voleanic wiffs and natural caves, 50% or more of
deaths are caused by malignant mesothelioma.
These two villages, like most others in the region,
were built with stones mined from the nearby
natural caves. When Dr Y.I. Barish found a very
high incidence of mesotheloma in Karain,® sci-
entists looked for asbestos, which in the 19705 was
the only known causative factor for mesothelioma.
Some asbestos was found,” but subsequenr studies
demonstrated that in Cappadoeia, asbestos is al-
most everywhere because it is a natural component
of that voleanic terrain and because asbestos-based
stucco (containing cremolite asbestos) has been
widely used in building construction.é® It appeared
that asbestos could not account for the unique

high incidence of mesotheliomas in these two vil-
lages.51 Another type of mineral fiber, erionite,
which had been detected in the lungs of several
villagers, was suspected to be the causative
agent.384! Erjonite is a type of ibrous zeolite com-
monly found in the stones of the houses of Karain
and Tuskoy. When injected intrapleurally into
animals, erionite causes mesdthelioma, and it was
concluded thar erionite was the cause of mesothe-
loma in these villages.5! Erionite therefore ap-
peared much more potent than ashestos in causing
mesothelioma because more than half of the vil-
lapers died of this disease. Actually, erionite was
claimed as the most potent chemical human car-
cinogen.§! Studies tried to link erionite to other
human tumors, but except for mesotheliomas,
there is no significant difference in the incidence
of any other tumor types in these two villages
compared with the rest of Turkey.% Why such a
potent carcinogen would specifically cause me-
sothelioma was unknown. Why abour 50% of vil-
lagers appeared to suffer no consequence from ex-
posure to such a potent carcinogen was also
unknown. During repeared visits 1o thése villapes
one of us (Carbone) suspected that erionite was
not the only cause of mesothelioma. In the villages
of Karain and Tuzkoy, mesothelioma developed
mostly in certain houses, called “the houses of
death” because all the residents had died of me-
sothelioma. Residents of nearby houses had not
developed mesothelioma. It was stated that the
amount of erionite was higher in the houses of
death, bur the only proof for this statement was
that residents of those houses had died of mesothe-
lioma. If this hypothesis was correct there had to
be an extremely high amount of erionite in the
houses of death, and proportionally a very low
amount of erionite in the other houses next o the

. houses of death. Yer, hoth types of houses appeared

1o have been built ar about the same time and with
the same type of stomes. In Karain and Tugkoy,
families live together for multiple generations;
therefore, people living in the same house are
often related. It appeared possible thar suscepribil-
ity to mesothelioma was genetically transmitted
and that the presumed higher amount of etionite
in the houses of death was 2 misleading hypothesis,
The genetic hypothesis was strengthened by the
observation that only one mesothelioma had been
observed in Karlik, 1.5 miles south of Karain, with
a population of abour 1,500. This mesothelioma
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had occurred in a woman from Karain who had
moved to Karlik because of marriage. The houses
of Karlik appeared identical to those of Karain and
had beeti built with stones mined from the same
caves which are located midway between Karain
and Karlik on the same side of the mountain on
which these two villages were built. Again, the
argument was made that- there was more erionite
in the houses of Karain, but during a local inspec-
- tion of Karlik and Karain, one of the highest
amounts of what appeared to be erionite {erionite
has.a white colot and a soft consistency and looks
like an area of decay within the zeolite stones used
to build the villages) was found in the stones of the
fountain of Karlik, which provides water to the
whole village. The marriage of the woman of
‘Karain with a man of Karlik was unique, Residents
of Cappadocia consider people from the two me-
sothelioma villages “weak” and they are afraid that
mesothelioma will spread in their famikies if they
marry with villagers of Karain and Tuzkoy. In fact,
people frotn Karain and Turkoy have problems
even sefling their products to the market because
residents of nearby villages are afraid to buy any-
thing that comes from these two villagess! (M.
Carbone, personal observations). The conse-
quencé of this incredible. situation is that most
mardages in Karain and Tuzkoy are between vil-
lagers and marriages outside the villages are infre-
quent. Since there was reason to suspect that me-
sothelioma in Karain and Tutkoy had a penetic
cause, Dr Carbone organized a research team to
study this possibility. Iman Roushdy-Hammady, a
PhD student in Medical Anthropology at Harvard
University, with extensive experience with the
Muslim culture and who is fluent in Turkish,
agreed o live among the villagers for 2 years 8
months to collecr information. She constructed
pteliminary pedigrees from several families. When
these pedigrees were further analyzed by a geneti-
cist, it was apparent that mesothelioma was genet-
ically cransmirted, possibly as an aurosomal-domi-
nant disease.s? About 50% of the descendents of
affected parents developed mesothelioma, whereas
mesothelioma was absent in other families. When
members of unaffected families married inw af-
fected families, mesothelioma appeared in their
descendents.6? Mineralogical analyses revealed no
differences in the amount or type of erionite
among the houses of death and other houses, in-
cluding those of Karlik (Umran Dogan, University
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of Ankara, personal cominunication}. These same
analyses confirmed rhe presence of a very high
amount of erionite in the fountain of Karlik. Thus,
it appears chat in these villages susceptibility to
mesothelioma is genetically ransmitted. The pos-
sibility that erionite is a cofactor that contributes
to mesothelioma in genetically predisposed indi-
viduals is presently being investigated in our lab-
oratories. Furthermore, we will try to isolate the
putative mesothelioma susceptibility gene that
predisposes some families of Karain and Tuzkoy to
this malighancy. This should lead to the develop-
ment of cherapeutic approaches for members of
these families. It is possible that the same gene
that is genetically mutated in Cappadocia may be
the rarget of asbestos and SV40 carcinogenesis,
and thus it is hoped that the eventual isolation of
this putative gene might clarify the molecular
pathogenesis of mesothelioma, and also benefit all
mesothelioma patients.

GENETIC ALTERATIONS IN
MESOTHELIOMA ’

Whatever the cause, genetics, asbestos, SV40,
or radiation, mesothelial cells eventually accumu-
late a number of genetic alterations and become
malignant. Human mesothelioma cells are charac-
terized by many different genetic abnormalities
and separating those that play a causative role
during the establishment of the transformed phe-
notyps and tumor progression from those that do
not has not been possible to date, particularly
since data on early lesions are not available.

Karyotypic studies and comparative genomic

| hybridization (CGH) analyses have revealed mul-

tiple chromosome alterations in most human me-
sotheliomas 42564 Although a specific chromo-
somal change is not shared by al} mesotheliomas,
several prominent sites of chromosomal loss have
been identified. Deletions of specific regions in the
short (p) arms of chromosomes 1, 3, and 9 and
long {q) arm of 6, 13, and 15 are repeatedly ob-
served in these tumors. Loss of a copy of chromo-
scme 22 is the single most consistent numerical
change seen in mesotheliomas. Monosomy 4 and
monosomy 14 are also common. These recurrent
losses frequently occur in combination in a given
tumor. Chromosomal gains appear to be less com-
mon than losses in this disease, although recurrent
gains of 5p and 7 have been reported. It is not
possible to determine a temporal sequence of these
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pathogenetic events ‘due to the lack of dara for
early stages of this disease. The high frequency of
genomic losses in mesothelioma is consistent with
a recessive mechanism of oncogenesis, Loss and/or
inactivation of TSGs residing in recurrent sites of
chromosomal deletion is thought to contribute to
the development and progression of mesotheli-
oma. As a prelude to the isolation of these genes,
investigators have begun to molecularly map these
regions - by performing loss of heterozygosity
{LOH) analysis with polymorphic DNA markers.
Such molecular stodies have demonstrated high

- frequencies of allelic loss from 1p22, 3pZl, 4q, 64,

0421, 13q13-14, 15q11-15, and 22q12. To dare,
TSG loci -within ™wo of these regions have been

- shown to be frequently altered in mesotheliomas.

Tumor-Suppressor Genes

The TSGs in mesothelioma have been reviewed
extensively. 4258 A high frequency of mesotheli-
oma cell lines exhibit homozygous deletion of the
9p21 region. The CDKN2A locus, which encodes
the alternative TSG products *pI6™%* and
pI4°FF is located in this region. The pl6 protein
is capable of binding to the ¢yclin-dependent ki-
nase CDK4, thereby inhibiting the caralyric activ-
ity of the CDKdfeyelin D enzymes. Therefore,
loss/inactivation of p!6™*% would lead to cell
cycle deregulation through the loss of a key inhib-
itor of G1/S progression. More than 80% of me-
sothelioma cell lines have homozygous deletions of
one or more pl6™¥* exons, and most of the
remainder have greatly downregulated expression
of p16™**, due to promoter hypermethylation.
PCR analyses have documented homozygous dele-
tions of pl6™** ar a much lower frequency in
mesothelioma tissues than in cell lines. This dis-
crepancy may be an in vitro phenomenon result-
ing from the selective advantage provided by
164 deletion during the culturing process. On
the other hand, mesothelioma samples contain a
significant amount of contaminating normal
strorna, which can mask the existence of a he-
mozygous deletion in the malignant ¢ell popula-
tion. Fluorescence in situ hybridization analysis
has revealed reduced copy numbers of the pl 6™ %
gene in most mesothelioma specimens, particularly
in sarcomatous and biphasic tumors. The majority
of these tumors show homozypous loss of the
[NK4a locus in either all tumor cells or in a
significant subset (>>10%) of the tumor cell pop-
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ulation. Immunchistochemistry studies sugpest
that loss of p16™V5* expression is a uriversal find-
ing in mesothelioma rissues.85 Taken collectively,
the available data suggest that loss of one copy of
p16N%4 oecurs in many of these tumors, with the
remaining allele silenced by promoter hypermeth-
vlation. In 2 glven tumor, a subset of cells may
contain homozygous loss of pI6™**, with these
cells presumably having a proliferative advanzage
when placed into long-term culture. Imporrantly,
alteration of pl6™¥1 appears 1o play a critical role
in mesothelial cell umorigenesis, because re-ex-
pression of pl6™*¥*% in mesothelioma cells has
been shown to result in cell cycle arrest and apo-
prosis, as well as inhibition of tumor formation and
diminished tumor size.%
Homorygous deletions of pl
many cases also lead to the inactivation of pl
because these two genes share exons 2 and 3,
although their reading frames differ. The product
of the pI4**F TSG is required for activation of p53
in response to the action of oncogenes such as
RAS. Since the product of cthe pI6"™ % gene in-
duces a G1 cell cycle armest by inhibiting the
phosphorylation of pRb, homorygous lfoss of
p142%F and p16%% would collectively affect both
the p53- and pRb-dependent growth-regulatory
pathways, respectively. Recent experiments have
demonstrared thar adenavirus-mediated transfer of
p14°% in mesotheliotha cell lines induces G1
phase arrest and apoptosis.? Together, the avail-
able data suggest that alteration of either product
of the CDKNZA locus, ie, pl4°FF or pl1iN¥ea,
contributes to the pathopenesis of mesothelioma.
The success of the experiments with pl4*%F and
p16™%% 4denoviral constructs have led investiga-
tors to propose that such gene therapy-based ap-
proaches may prove useful in the trearment of
mesothelioma patients.® Loss of p16 and pI4AFF is
also associared with loss of pl5, although the im-
portance. of this loss to mesothelioma is un-
known.%® Loss of pl§ is usually associared with
retention of wild-type pRB.2570 53, instead, is
rarely mutated in mesothelioma,”.”2 possibly be-
cause it is inactivated by the interaction with the
SV40 Tag#® Genetic and epigenetic inactivation
of pl6 and pI4"%F, together with the inhibitory
binding of Tag with p33 and pRb-family proteins,
may lead to the complete inactivation of the nor-
mal cellular pathways of these cellular genes and

NK#e gould in
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Fig 3. Waorking hypothesls to account for mescthelioma latency. D, DNA damage, According to recent rﬁearch at least J distince

genetic damages are required to cause malignant transformation of human cells, Top: Asbestos, rapresented on the left as a

ferruginous body with a dumbbell configuration, induces DNA damage, which leads to mesothelial cell proliferation and to a precursor
lesion. Additional DNA damage over the years leads to mesothelioma Middle: Asbestos induces DNA damage which leads to

_ apoptosis’ (thick arrow). Rarely, the cell survives and eventually continued exposure to asbestos over the years will cause a second
DMA damage. Again, most cells will die, but & rare cell may survive. A third DNA damage wili cause apoptosis in most cells, buta rare
coll may exceptionally sirvive al 3 genetic changes and become malignant, Battans The first genetic damage Induced by ashestos
Involves a cell-cycle regulatory gene such as plé or the cells are infected with SV40, and therefore, the damagef/repair and apoptotic
pathways are inhibited. In either circumatance, a greater number of cells may sscape apoptosis and complets mitosls. When cell cycle
regulatory genes andior DNA dimage repair genes are altered, additdonal tions may late more easlly, the apoptotic
pathwiay will be less efficient, and the celf may have an increased possibllity of curviving and of becoming malignant.

contribute to malignancy. Finally, in contrast to lung
cancer, ras tnutations are rare in mesothelioma. 7.7

Extensive LOH analysis of chromosome 22
losses in mesothelioma has not been performed,

because an entire copy of chromosome 22 is lost in
most cases. Although the neurofibromarosis type 2
T5Ge, NF2, predisposes affected individuals pri-
marily to tumors of neuroectodermal origin, so-

Fig 4. Waorking hypothesiz lllustrating that asbestos by In-
serfering with the host immune system'* may favor the growth
of calls expressing $VAD andgens. Lefi; S¥4Q-Infectad mesothe-
lal celts express high levels of viral antigans. CD8 T lympho-
cytes see and kil thasa cells with the help of antigen-presenting
cells (APC). Right Asbestos directly and indirectly (ie, by in-
ducing the release of various cytokines by racrophages which
phagocytose asbestos fibers®®) intarfares with the normal ac.
tivity of both CDE T lymphocytes and APC. The immunosup.
pressive affects of asbestos, together with low levels of ex.
pressien of SY40 antigent often observed in SVAG-poaitive
rmescthalioma celis,’? may allow 5Vdd.positive mesothelial
¢nlls to escape Immune detection and become malignant.
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matic mutations of NF2 have occasionally been
identified in seemingly unrelated malignancies.
NF2 somatic mutations predicting either intersti-
tial in-frame delerions or truncation of the NF2
gene product {merlin) have been reported in 40%
o 55% of mesothelioma cell lines. In many cases,
it was possible to confirm the murarion in matched
primary tumor DNA.”? In some samples that
showed NF2 gene transcript alterations, no
genomic DNA murations were detected, suggest-
ing that aberrant splicing may constitute an addi-
tional mechanism for merlin inactivation.” West-

_em blot analyses revealed complete absence of

merlin expression in cell lines that exhibited alver-
ations of the NF2 pene, suggesting that truncared
forms of the protein are unstable. LOH analyses
documented allelic losses at the NF2 locus in more
than 70% of mesothelioma cases. All cases exhib.
iting mutation and/or aberrant expression of NF2

showed allelic losses, implying that inactivation

of NF2 in mesothelioma occurs via a “two-hit”
mechanism. 47
Crocidolite asbestos has been shown to induce

the proto-oncogenes c-fos and c-jun, which encode

transcription factors that activate various genes
critical in the iniriation of DNA synthesis. The
persistent induction of these manseription activa-
tors following asbestos exposure may enhance cell
division. Mesothelioma may begin with stem cell
proliferation via such an epigenetic mechanism,
followed by the progressive accumulation, over
several decades, of spontaneously occurring muta-
tions in TSGs and asbestos-induced missagrepa-
tion of chromosomes. Thus, such activation of
proto-ancogenes and tnactivation of TSGs may
cooperate in a multistep process to regulate crirical
events intrinsic to the pathogenesis of mesotheli-
oma. The presence of SV40 may accelerate malig-
nant transformation, because SV40 induces DNA
alterations. SV40 may give the cell more time o
accumulate sufficient genetic alterations, because
SV40 Tag, through its inhibitory binding of p53
and its BCL-2 like domain, inhibits- apoptosis
{very high levels of Tag, however, can induce
apoptosis). Furthermore, the very recent finding
that SV40 immortalizes infected human mesothe-
lial cells by inducing telomerase activiry, indicares
that the presence of SV40 induces a background of
cells prone to develop into malignancies when
genetic damage is induced.” At the same time,
asbestos by interfering with the immune system
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may favor the emergence of malignant cells that
express SV40 antigens. According to this hypoth-
esis, exposure to both asbestos and SV40 may
increase the risk of mesothelioma in some individ-
uals. Figures I and 4 summarize these concepts.

CONCLUSIONS

Most mesotheliomas in the Western World are
caused by exposure to asbestos. Certain types of
asbestos, especially erocidolite asbestos, appear
more carcinogenic than others (crysotile). SV40
in the United States and in parts of Europe, and
genetic predisposition in the villages of Karain and
Tuzkoy, have recently been linked to mesotheli-
oma. Rare cases of mesothelioma have been asso-
ctated with radiation exposure. Whether these fac-
tors act independently or interact in causing
mesothelioma is currently under investigation.
Both scenarios appear possible. There is some ev-
idence that 5V40 and asbestos might be cocar-
cinogens in human mesothelial cells in tissue eul-
tute. Genetics and erionite may cooperate in
causing mesothelioma in Karain and Tuzkoy. NFZ,
p16, and pl4ARF mutationfloss are the most com-

~ mon acquired genetic: lesions derected in mesothe-

lioma. Mesothelioma may be a cancer in which
genetics, radiation, viruses, and etwironmental .
carcinogens such as asbestos and erionite interact
to cause malignancy. The evenwal future isolarion
of the putative mesothelioma susceptibility gene

* that causes mesothelioma in Cappadocia may rep-

resent the key to understanding the precise patho-

genesis of mesothelioma and to developing effec-

tive therapeutic approaches.
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