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Abstract

Exposure to the carcinogen asbestos is a major factor in the develop
ment of malignant mesothelioma. However, not all mesotheliomas are
associated with asbestos exposure, and only a small minority of people
exposed to asbestos develop mesothelioma. Therefore, the identification of
the cofactors that render certain individuals more susceptible to asbestos
or that cause mesothelioma in people not exposed to asbestos has been a
major priority of the International Mesothelioma Interest Group. The
possible association of SV40 with mesothelioma was recently discussed in
a special session at the Fourth International Mesothelioma Interest Group
Conference, and it was decided to conduct a multi-institutional study to

independently verify the presence of this tumor virus in mesotheliomas.
We report the results of this investigation: (a) DNA and protein analyses
revealed SV40 sequences and SV40 large T antigen expression in 10 of 12
mesotheliomas tested (83%); and (/') electron microscopy demonstrated
variable amounts of asbestos fibers in 5 (71%) of 7 corresponding lung
tissues available for analysis. Our results demonstrate that SV40 DNA is
frequently present and expressed in mesotheliomas in the United States.
Because our data demonstrate that some patients test positive for both
SV40 and asbestos, the possibility that these two carcinogens interact
should be investigated in future studies.

Introduction

There have been recent reports of SV40 DNA and/or DNA se
quences indistinguishable from SV40 in malignant mesotheliomas,
aggressive tumors that originate from the serosal lining of the pleural,
peritoneal, and pericardial cavities (1-7). However, two groups did

not find such DNA sequences in their mesothelioma specimens (8, 9).
A study led by one of us (M. C.) demonstrated significant variability
in the incidence of SV40-like sequences in osteosarcomas from dif

ferent regions, which may account for some of these discrepancies
(10). Furthermore, the use of formalin-fixed and paraffin-embedded

specimens (9), rather than frozen or fresh specimens, may produce
false negative results, reducing the overall number of positives by as
much as 60-70% (11). SV40 has also been detected in other human

malignancies, mainly ependymomas and choroid plexus tumors
(reviewed in Ref. 12).

Between 1955 and 1963, millions of vaccinÃ©esin the United States
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and many other countries were exposed to potentially contaminated
Salk and Sabin polio vaccines or adenovaccines (12). This led to the
suspicion that the SV40-like sequences detected in humans originated

from the contaminated vaccines, and that different titers of SV40 in
different batches of vaccines could have led to geographical variations
in the incidence of SV40 in tumors. This and other possibilities,
including that of false positive results, were discussed at an interna
tional conference in Bethesda, Maryland, January 26-27, 1997, or

ganized by the Food and Drug Administration and the National
Institutes of Health (reviewed in Ref. 12).

SV40 causes mesotheliomas in hamsters (13). Because an associ
ation between SV40 and human mesothelioma could have important
implications with regard to the pathogenesis of this malignancy and
because of the apparently controversial findings outlined above, a
multi-institutional study was recommended by many scientists to

determine if SV40 is truly present in human mesotheliomas. The
International Mesothelioma Interest Group, an international organiza
tion composed of leading investigators in the areas of mesothelioma
treatment and basic research, held a special session on this topic at
its Fourth International Mesothelioma Conference in Philadelphia,
Pennsylvania, May 13-16, 1997; and one of us (J. R. T.) was asked to

lead an international investigation to definitively address this impor
tant issue. The specific goals of this investigation were: (a) to con
clusively determine the presence or absence of SV40 in human
mesotheliomas; and (b) to investigate whether any correlation exists
between SV40 and asbestos exposure.

Materials and Methods

Analysis of Mesothelioma Specimens. Four independent laboratories
were chosen to participate in the study: (a) the Finnish group that had reported
negative SV40 findings at the International Mesothelioma Interest Group
conference (A. H., K. L.); (b) the group that reported the first positive findings
(M. C., P. R.); (c) a molecular group devoted to mesothelioma research but
who had not worked previously on the topic of SV40 in human cancer and has
never worked with DNA viruses (J. R. T., G-H. X.); and (d) a virology group

that is investigating the JC DNA tumor virus but does not work with SV40
(K. K., B. K.). The latter group was included because of the concern that the
DNA sequences detected in earlier studies could be related to the human BK
and JC viruses rather than to SV40. None of these investigators is affiliated
with the institution from which the mesothelioma specimens were obtained
(i.e., Memorial Sloan-Kettering Cancer Center. New York, NY), and mesothe

lioma specimens from this institution had not been previously tested for SV40.
The specimens analyzed were surgically excised by one of us (V. R.) and
immediately frozen in liquid nitrogen in the operating room and stored at
â€”¿�80Â°Cuntil studied. The diagnosis of mesothelioma was made by pathologists

at the Department of Pathology. Memorial Sloan-Kettering Cancer Center.

We took several precautions to prevent PCR contamination, including
extracting the DNAs in a single central facility at the Fox Chase Cancer Center
(Philadelphia) not involved in work with mesotheliomas or SV40 and separate
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from any of the four lest laboratories. DNAs were aliquoted. coded, and
shipped to the lest laboratories. SV40 primer sets specific for the SV40 Tag4

region (Fig. 1| were shipped from the manufacturer (Midland) separately to
each participating laboratory.

We analyzed a total of 12 frozen mesothelioma specimens, and only after all
of the research groups completed the experiments were the individual labora
tory findings conveyed to the coordinator (J. R. T.), and the results compared.
The DNA extraction procedure, primers, probes. PCR protocol. Southern
blotting, and DNA sequencing procedures were as described in detail in Ref.
14. Briefly, the PCR conditions were as follows: 1 jig of DNA was used for
amplification in a final volume of 100 ju.1.Hot-Start PCR was performed using
Amplilaq polymerase (Perkin-Elmer) and Ampliwax PCR 100 gems (Perkin-

Elmer). The concentration of the primers was 0.5 Â¡Ã•M.and all of the other
components were used according to the manufacturer's (Perkin-Elmer) proto

col. After 3 min of denaturation at 95Â°C,45 amplification cycles were per
formed. Each cycle consisted of 1 min at 94Â°C. 1 min at 59Â°C (primers
SV5/SV6) or 65Â°C(2573/2902), and 1 min at 72Â°C.All PCRs were conducted

in parallel with positive and negative controls. The positive control was
plasmid SV40 DNA containing a unique restriction site. The negative controls
were water samples processed in the same manner as tumor samples.

Immunostainings. We used the following monoclonal antibodies: anti-
SV40 Tag pAblOl (Santa Cruz) diluted 1:100 and anti-Tag pAb419 Ab-1

(Oncogene Science) diluted 1:20. The staining reactions were developed with
the Scytek kit streptavidin peroxidase using a diaminoben/idine substrate
according to the manufacturer's suggested protocol.

Analysis of Asbestos Residues in Lung Tissues. The tissue samples were
prepared for examination by extracting their dust content using a preparation
and instrumentation technique developed in one of our laboratories (F. R. P.)
and recommended by the IARC (15). The instrument used in this analysis was
a Philips 400T ATEM, titled with an energy dispersive X-ray analysis system.

This ATEM is capable of resolving and providing analysis of all of the
particulars detected. The instrument is of the type recommended by the United
States Environmental Protection Agency in the Federal Register for the detec
tion and identification of asbestos in airborne dust samples. Considering that
the dust particles in these tissue samples are derived from airborne dust, the
ATEM is considered to be the only instrument capable of accurately quanti
fying and identifying asbestos fiber of a biologically significant size (15).
These techniques and instrumentation can be considered to be the ultimate
methodology, although other approaches using optical and scanning electron
microscopic techniques have been used to produce data on tissue fiber burdens.
The analysis of tissue specimens was performed in such a manner that all of the
fibrous particles detected were analyzed and recorded. The definition of a fiber
used for analytical purposes in the examination was any particle with at least
3:1 axial ratio and parallel sides with no minimum length. When performing an
analysis, it is necessary to examine all of the fibers and identify them to ensure
that asbestos fibers can be identified and quantified. This analytical protocol
provides for the analysis of all fibers (15).

Results

We used two sets of PCR primers to amplify SV40 DNA sequences
(Fig. 1). Those designated SV5/SV6 amplify the Rb-pocket binding

domain of SV40 Tag, a region of SV40 Tag that binds to and inhibits
the activity of cellular tumor suppressors pRb/pl05, pl07, and pRb2/
p 130 (4. 5). This is a highly conserved region because it is important
for SV40 Tag-mediated cellular transformation and. thus, is unlikely
to be deleted and/or mutated if SV40 is playing a role in carcinogen-

esis. However, because other DNA viruses (i.e., JC and BK) share a
very similar Tag sequence with SV40, positive results must be care
fully verified by Southern blotting and/or DNA sequencing. We also
used the primers 2573 and 2902. which amplify the COOH terminus
of Tag. These primers are highly specific for SV40 Tag. because this
region of SV40 Tag exhibits differences from those of the JC and BK
Tags, which are not amplified (16). These primers and the PCR
conditions are described in detail elsewhere (14). PCR products from

SV5

3'SV6

29022573Â¡1

1

1 1

NH2 COOH

T antigen

J The abbreviatimi.Â«used arc: Tag, large T antigen: ATEM, analytical transmission

electron microscope.

Fig. 1. Diagram illustrating the primers used to amplify two different portions of the
SV40 DNA Tag sequence. The corresponding protein produci Tag and the areas of Tag
that bind several tumor suppressor gene products arc indicated. Note thai the primer 2573
is located jusl outside the Tag sequence.

positive cases were analyzed further by Southern blot hybridization
and DNA sequencing to confirm that the amplified sequences corre
sponded to SV40 and not to other DNA tumor viruses (i.e.. BK or JC
viruses) that have been found in human tissues (17).

Results of the PCR analyses are summarized in Table 1. Overall. 9
patients (75%) of 12 showed PCR products of the expected size with
both primer sets in each of the four test laboratories. The remaining
three samples did not test consistently positive (Table I ). Positive and
negative controls consistently gave the expected results. The identity
of the PCR product was confirmed by Southern blot hybridization
(Fig. 2) using an SV40 oligoprobe and/or by DNA sequencing as
described in Ref. 14. Sequence analyses were performed separately by
each laboratory, as indicated in Table 1. In all positive cases, DNA
sequencing revealed that the PCR product was identical to the corre
sponding segment of the wild-type SV40 genome. As noted above, the

COOH terminus of Tag in SV40 differs from those in JC and BK
viruses, and our sequence analysis of PCR products of this region
were consistent with SV40 DNA in each case.

The reasons for the discrepancies with regard to the reproducibility
of the PCR analyses among the different laboratories in three speci
mens are not entirely clear. One possible explanation concerns the
amount of contaminating normal cells in a given tumor. Thus, cases
that are consistently positive among the test laboratories may have a
high percentage of tumor cells. Other cases may be less cellular and
exhibit significant contamination by normal stromal cells, a common
feature in mesothelioma ( 12). Furthermore, the viral genome may be
present only in some of the malignant cells. In these latter cases
containing only a few SV40-positive malignant cells, the amount of

SV40 DNA may be at the limit of detection even by PCR methodol
ogy. In this event, minor experimental differences, such as the use of
different thermocyclers, may produce different results. To test this
possibility, and to determine whether the SV40 DNA was expressed
in the malignant cells, immunohistochemical analyses were performed
on our 12 mesothelioma samples. Because there was only a limited
amount of tumor tissue available, this test was performed in the
Immunohistochemistry section of the Department of Pathology at
Loyola University, Chicago, where diagnostic immunostainings are
performed routinely. The mesothelioma samples were processed to
gether with other clinical tissue samples, and two different anti-Tag

monoclonal antibodies (pAblOl from Santa Cruz and pAb419 from
Oncogene Science) were used in separate experiments; both antibod
ies yielded similar results. The specimens were scored based on the
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Table 1 PCR antilysix of 12 mesothelioimi samples using two different SV40 primer sels

Mesothelioma sampleno.PrimersSV5/SV6

2573/29021

Lab" 72781

+''+2

+ +
34-4-
44-1

+ *+*2
+*3

4-
4 + +*110

302 305308+

+Â» + +
+ *4-*+

* +* +* +*313

3164-

+*

â€¢¿�f++

* +317

328 3333374-

+* +* +*

" Lab. laboratory. Laboratories 1-3 are in the United Stales, and laboratory 4 is in Finland.
h +, positive for SV40 DNA; -. negative for SV40 DNA; *. PCR products that were sequenced.

P53 I 1C

TAGATTCCAACCTATGOAACTGATGAATGGGAGCAGTGGTGGA
ATGCCTTTAATGAGGAAAACCTGTTTTGCTCAGAAGAAATGCCATC
TAGTGATGATGAGGCTACTGCTGACTCTCAACATTCTACTCCTCCA
AAAAAGAAGAGAAAGGTAGAAGACCCCAAGGACTTTCC

4425 -4402

B

Tag

7 8 10 11 12 13 14

Fig. 2. A, Schematic diagram of the nucleotide primers used for PCR amplification and
DNA sequence analysis of the PCR product. The selected primers SV5 (nucleotides
4574-4551) and SV6 (4425-4402) amplify the Rb-pockel binding domain of SV40 Tag.
The DNA sequence of the amplified DNA is shown. The nucleotides in hitUlface highlight
the primers and the itntU'rlini'd nucleotides point to the position of the probe used for
Southern blot analysis. B. Hybridization of PCR-amplified DNA from tumor samples.
Tumor DNA (Lanes 1-12), positive control/pSV2X2l-N (Lane 13}. negative control/no

DNA (Lane 14) were amplified with primers SV5 and SV6 as shown in panel A. The PCR
product was detected by Southern blotting using a 22-mer oligonucleotide probe repre
senting the internal sequences of the PCR product that have no overlapping sequences
with the primers. Arrow, the position of the PCR products representing Tag.

percentage of Tag-positive cells. Ten of the 12 mesotheliomas contained
Tag-positive malignant cells (Table 2; Fig. 3); 9 of these same 10 tumors

tested consistently positive for SV40 by PCR (Table 1). Sample 305 had
tested inconsistently by PCR in the four laboratories (Table 1); in this
tumor, only a few Tag-positive cells were detected by immunohistochem-

istry (Table 2: Fig. 3). The percentage of tumor cells that were Tag
positive varied in different tumors (Table 2; Fig. 3). This is not unique to
human mesotheliomas, inasmuch as a similar heterogeneity in Tag ex
pression has been noted in SV40-induced mesotheliomas, osteosarcomas,

and sarcomas (13). The remaining two mesothelioma samples (78 and
302) tested negative for Tag expression. However, occasional positive
tumor cells were observed in specimen 78. These two samples had tested
inconsistently for SV40 by PCR analyses (Table 1). To use a prudent
approach, we considered these two cases negative for SV40. although
rare tumor cells probably contained the virus, inasmuch as some labora
tories detected SV40 by PCR in these specimens and, at least in sample
78, some Tag-positive tumor cells could be detected.

We also examined lung tissues to detect the presence of asbestos
fibers. Lung specimens were available in seven cases, and the average
values of the asbestos lung fiber burden are listed in Table 3. In cases
328 and 337, no asbestos fibers were observed at a detection level of
approximately 0.1 X 10ft fibers/gram of dry lung tissue. In cases 72,
308, 317, and 333. asbestos fiber concentrations were below 10 X IO6

and contained a mixture of chrysotile and amphibole (crocidolitc and
amosite) fibers, findings typical of individuals with asbestos exposure
histories ranging from urban (cases 72 and 333) to slight industrial
(cases 308 and 317). The lung data in case 316 are consistent with that
of a classical low-level occupational asbestos exposure, and, in fact,
subsequent review of this patient's personal history revealed that he

was an insulation worker with exposure to asbestos for many years.
The different types of asbestos are associated with different risks of
causing mesothelioma: crocidolite is considered the most oncogenic,
whereas the oncogenicity of chrysotile is still debated ( 18).

Considering these results in terms of the induction of mesotheli
oma, it can be stated that cases 316 and 317 are definitely asbestos-

related. Cases 72, 308, and 333 can only be tentatively related to the
asbestos content of the lung, although each of these patients had a
personal history of known or suspected exposure to asbestos. Cases
328 and 337 cannot be considered to be related to a past asbestos dust
exposure; interestingly, both tested positive for SV40 DNA (Table 1).

Discussion

We demonstrated the presence of both SV40 in frozen tumor
specimens and asbestos fibers in lung tissues from most of the

Table 2 7V/Â£immunosttiininganalysesTag

Grade'72

783

0*110

3022

(T7Mesothelioma

sampleno.305

308 313 31631711323328 3333373

1 2
" +. positive; -, negative.
' Rare, weakly positive tumor cells.
' Grade 1. 1-25% of malignant cells Tag positive; Grade 2. 26-50% of cells Tag positive: Grade 3, >50% of cells Tag positive.
'' Samples scored as negative for SV40 Tag expression.
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D

Fig. 3. ImmunoslainingtbrTag. Mesothelioma samples 78 (A), 302 (B). 305 (Ci. 313 (D). 317 (E), and 337 (F). X200. Black arrows indicate some of the negative cells; while arrows
indicate some of the positive cells. Note the characteristic Tag punctate nuclear staining in the positive cells (dark brown).

American mesothelioma patients we studied. The specificity of the
PCR analyses was confirmed by Southern blot hybridization with
SV40-specific probes and by DNA sequencing of the PCR products,

which verified that the sequences detected correspond to the SV40
genome. The immunohistochemical analyses further confirmed that
the virus detected in our mesotheliomas is SV40. The anti-Tag used in

these studies (Table 2) was the monoclonal pAblOl (Santa Cruz),
which recognizes the COOH terminus of the SV40 Tag. We repeated
the experiment using the monoclonal pAb419 (Ab-1, Oncogene Sci
ence), which recognizes the NH-, terminus of the SV40 Tag, and we
obtained the same results (data not shown). However, only the anti-

Tag pAblOl produced the punctate nuclear staining characteristic of
SV40-transformed cells and no cytoplasmic staining. The anti-Tag

pAb419 produced a more diffuse nuclear staining and also some
cytoplasmic staining (data not shown). These two monoclonals were
chosen because they are specific for the SV40 Tag and do not
cross-react with Tags of other papovaviruses (19, 20). With both

antibodies, the normal cells present in the tumor tissue (fibroblasts,
blood vessels, adipose cells, muscle cells, and lymphocytes) were
always negative for Tag.

Although previously Linnainmaa et al. (8) did not detect SV40
DNA sequences in Finnish mesothelioma specimens, in the present
study these same investigators observed a high percentage of SV40-

positive cases, consistent with the results obtained by the three labo
ratories from the United States. After this multilaboratory study, the

Table 3 Avertile values uf asbestos lung fiber bunten in lung samples from seven
me.wlhelioimi pulienl.s

Total asbestos fiber
concentration X106/g

Case no. dried tissue Chrysotile Amosite Crocidolite Tremolile

723083163173283333370.968.4828.813.33N.D.1.65N.D.N.D."8.4817.000.62N.D.0.9N.D.0.55N.D.10.391.04N.D.0.75N.D.N.D.N.D.1.421.67N.D.N.D.N.D.0.34N.D.N.D.N.D.N.D.N.D.N.D.

Finnish investigators confirmed the absence of SV40 in mesothelio
mas from Finland and speculated that this absence was due to the lack
of SV40-contaminated vaccines administered in that country. Of

interest, Finland has a low incidence of mesothelioma compared with
many other countries.5

It is well known that asbestos causes mesothelioma, and the enor
mous increase in the incidence of mesothelioma since 1950 has been
associated with the widespread use of asbestos during this century (18,
21). Although the link between asbestos and mesothelioma is indis
putable, approximately 20% of mesotheliomas occur in individuals
without a history of asbestos exposure (21). Moreover, less than 10%
of people who are heavily exposed to asbestos will develop this
malignancy (21). These data suggest that other factors may cause
some mesotheliomas and/or cause certain individuals to be more
susceptible to the carcinogenic effects of asbestos (21, 22).

The problem of unrecognized asbestos exposure is a particularly
important public health issue. Despite the fact that the risk of asbestos
exposure was first noted in workers within the asbestos industry (21,
23), a large proportion of cases now occur in workers in other
occupations in which exposure is higher than that of the normal
population but much lower than the exposure classically found in
asbestos miners (23). The high proportion of carpenters, electricians,
and construction workers among current mesothelioma patients prob
ably reflects this situation (23). It would be important to identify those
cofactors that may render some of these workers more susceptible to
asbestos carcinogenicity. SV40, a DNA tumor virus that induces
mesothelioma in 60% of hamsters injected intracardially and in 100%
of those injected intrapleurally (13), is a possible cofactor. In this
study we detected SV40 DNA and SV40 Tag expression in the
malignant cells of 10 of 12 mesotheliomas. Recent studies have
revealed coimmunoprecipitation of SV40 Tag with the tumor suppres
sor gene products p53, pRb/pl05, pRb2/pl30, and p 107, indicating
that Tag is biologically active in these tumors, and that it may
contribute to the development of mesothelioma (4, 5, 24). Tag-

' N.D., not delectable.
5 A. Hirvonan and K. Linnainmaa. SV40 sequences are not necessary for the devel

opment of asbestos-induced mesothelioma. manuscript in preparation.
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mediated inactivation of tumor suppressor gene products may cause
mesothelial cells to be more susceptible to the transforming effects of
asbestos; alternatively, SV40 may contribute to the fully transformed
phenotype of cells previously damaged by asbestos. A synergistic
effect between asbestos and SV40 was suggested by in vitro studies of
rodent cells demonstrating that asbestos facilitates the transformation
of cells by SV40 (25). If proven in vivo, such a mechanism could
explain why mesothelioma would be less frequent in people only
exposed to asbestos or only infected with SV40 (12, 24). SV40 may
also play a causative role in non-asbestos-associated mesotheliomas.

In summary, we have confirmed that SV40 is frequently present
and that the SV40 genome is expressed in malignant mesotheliomas in
the United States. We also found that SV40 and asbestos often can be
detected in the same patients. Our results suggest that the possibility
of a cocarcinogenic interaction between SV40 and asbestos in humans
should be carefully tested in future investigations. This will require
experiments to test the combined effects of SV40 and asbestos on
cells in tissue culture and in animals, as well as a large scale,
comprehensive study designed to examine appropriate groups of
patients and larger numbers of tumor specimens. If SV40 and asbestos
are cocarcinogens, people who are SV40-positive may be at a higher

risk of developing mesothelioma when exposed to asbestos. Identify
ing individuals at higher risk may offer opportunities for prevention.
Furthermore, the peculiar expression of Tag by malignant mesothelial
cells may offer new targets for diagnostic and immunotherapeutic
approaches.
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