'Research Article

Evidence against a Role for SV40 in Human Mesothelioma

James J. Manfredi,' Jianli Dong," Wen-jun Liu," Lois Resnick-Silverman,” Rui Qiao,’
Philippe Chahinian,’ Marko Saric,’ Allen R. Gibbs,* James 1. Phillips,” J. Murray,’
Charles W. Axten,” Robert P. Nolan,” and Stuart A. Aaronson’

‘Department of Oncological Sciences, Mount Sinai School of Medicine; “Center for Applied Studies of The Environment and Earth and
Environmental Sciences of the Graduate School and University Center of The City University of New York, New York, New York; °Institute
for Medical Research and Occupational Health, Zagreb, Croatia; ‘Llandough Hospital, Pernarth, United Kingdom; and °*National Institute
for Occupational Health and the School of Public Health, University of Witswatersrand, Johannesburg, Republic of South Africa

Abstract

SV40 has been implicated in the etiology of 40% to 60% of
human mesotheliomas. These studies could have important
medical implications concerning possible sources of human
infection and potential therapies if human tumors are induced
by this agent. We did PCR-based analysis to detect SV40 large
T antigen DNA in human mesotheliomas. None of 69 tumors in
which a single copy gene was readily amplified contained
detectable SV40 large T antigen sequences. Under these
conditions, it was possible to detect one copy of integrated
SV40 DNA per cell in a mixture containing a 5,000-fold excess
of normal cells using formalin-fixed preparations. Kidney,
a known reservoir of SV40 in monkeys, from some of these
individuals were also negative for SV40 large T antigen
sequences. A subset of mesotheliomas was analyzed for SV40
large T antigen expression by immunostaining with a highly
specific SV40 antibody. These tumors as well as several human
mesothelioma cell lines previously reported to contain SV40
large T antigen were negative for detection of the virally
encoded oncoprotein. Moreover, mesothelioma cell lines with
wild-type p53 showed normal p53 function in response to
genotoxic stress, findings inconsistent with p53 inactivation by
the putative presence of SV40 large T antigen. Taken together,
these findings strongly argue against a role of SV40 by any
known transformation mechanism in the etiology of the
majority of human malignant mesotheliomas. (Cancer Res
2005; 65(7): 2602-9)

Introduction

SV40 has a well-characterized ability to trigger transformation of
cells in culture. The early region of SV40 encodes two tumor
antigen, large T and small t. Mutational analysis of SV40 large
T antigen showed that regions of the protein that were necessary
for full cellular transformation corresponded to sites of interaction
of T antigen with several host proteins. These included p53 and the
product of the retinoblastoma susceptibility gene, pRb. Thus, the
transforming ability of SV40 is mediated, in part, by the large
T antigen oncoprotein binding and inactivating cellular proteins
with tumor suppressor activity (1-3). For example, a transforma-
tion-defective large T antigen mutant which cannot bind p53 is still
capable of fully transforming cells which lack p53 (4). The small
t antigen has also been implicated in the oncogenic activity of
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SV40. Similar to large T antigen, a role for interaction with cellular
proteins has been shown. In this case, it is the binding of small t
antigen to subunits of protein phosphatase 2A which contributes
to the transformed phenotype.

In many cases, expression of SV40 large T antigen alone is
necessary and sufficient for transformation of rodent cells. Use of
a temperature-sensitive large T antigen supports the notion that
this viral oncoprotein is not only important for the initiation of
transformation but is also necessary for maintenance of the
oncogenic state. In contrast to studies with rodent cells, additional
events were shown to be needed for conversion of a variety of
human cells to a fully tumorigenic phenotype in cell culture (1-3).
The ability of SV40 virus to induce tumorigenesis in animals shows
clear species specificity with newborn hamsters being the best
characterized model. Depending upon the site of administration,
tumors of a variety of different types can be observed. Thus, s.c.
injection can lead to fibrosarcomas, whereas intrapleural injection
results in mesotheliomas (5, 6).

SV40 became the focus of attention when it was discovered as
a contaminant of poliovirus vaccines in the early 1960s. Although
cell culture and animal studies argued against a role for SV40 in
human disease, recently a number of reports have implicated SV40
in the etiology of 40% to 60% of human mesotheliomas based on
detection of DNA sequences encoding the SV40 large T antigen
and/or its protein expression in such tumors (7-11). These studies
could have important medical implications concerning possible
sources of human infection and potential therapies if human
tumors are induced by this agent (12). To address this issue, we did
PCR-based analysis to detect large T antigen DNA as well as protein
expression in both primary human mesotheliomas and cell lines.
Use of highly sensitive assays did not reveal any association of
SV40 with human mesotheliomas.

Materials and Methods

Tissue specimens and cell lines. Formalin-fixed and paraffin-embedded
tissue blocks of either malignant mesothelioma or normal kidney were
obtained as follows. Forty-three mesothelioma cases were from the National
Institute for Occupational Health, Johannesburg, Republic of South Africa.
Sixty samples (30 mesothelioma cases with 30 matching normal kidney)
were from Llandough Hospital, Wales, United Kingdom. Seventeen
mesothelioma cases were obtained from the Department of Pathology,
Mount Sinai Hospital, New York, NY and 23 mesothelioma cases were from
Croatia. An experienced pathologist histologically evaluated the paraffin
sections to verify the diagnosis and to measure tumor content. Tumor
content of sections used for analysis typically was in the range of 80% to
100%. For the tissue specimens and DNA samples, all identifiers were
removed and the samples were tested anonymously and blindly. All samples
were obtained during the period of 1995 to 2002, with an age distribution of
37 to 82. Information concerning ashestos exposure was only available for
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the patients from Croatia and South Africa (26 of 27 had history and/or
evidence of exposure). Cell lines were obtained from the American Type
Culture Collection (Rockville, MD) and used within three to four passages.

DNA extraction. For each paraffin block, sets of 10-um serial sections
were deparaffinized and tissues containing ~ 5,000 cells were collected. The
cells were resuspended in 30 pL of lysis buffer containing 10 mmol/L Tris
(pH 8.3), 1 mmol/L EDTA, 0.5% Tween 20, and 2 mg/ mL proteinase K.
Samples were incubated at 55°C for 24 hours followed by boiling for
10 minutes to inactivate the proteinase K as previously described (13). The
Puregene Cell and Tissue Kit was used to extract DNA from blood samples
according to the manufacturer’s protocol (Gentra, Minneapolis, MN).

PCR primers, amplification conditions, and detection of PCR
products. SV40 DNA was PCR amplified using four sets of forward
and reverse primer (Fig. 14). Cdc25C amplification used forward primer 5’-
TGGTGGGCCAAACACTATCC-3" and reverse primer 5-ATCGTTGGGC-
TCGCAGATCACC-3’ to generate a 100-bp product. PCR amplification was
carried out with genomic DNA in a volume of 50 uL containing 20 mmol/L

Tris-HCI (pH 8.4), 50 mmol/L KCI, 25 mmol/L MgCl,, 200 pmol/L
deoxynucleotide triphosphate, 50 pmol of forward and reverse primers,
20 pg/mL bovine serum albumin, 5 units of Tag DNA polymerase
(Invitrogen, Carlsbad, CA), and 6 uL crude DNA extracted from paraffin
blocks or 100 ng purified DNA from blood specimens or cultured cells. The
reaction mix was denatured at 94°C for 1 minute and subjected to 40
(cdc25C.for/cdc25.rev), 60 (SV.for3/SV.rev), or 80 (P/Q, N'/K’) cycles in a
Mastercycler (Eppendorf, Hamburg, Germany). Each cycle consisted of 94°C
for 1 minute, annealing for 30 seconds, and 72°C for 30 seconds. The
annealing temperatures were 58°C for cdc25.for/cdc25.rev and SV.for3/
SV.rev primer sets and 53.5°C for P/Q and N’/K’ primer sets. PCR was
completed with a final cycle of 72°C for 10 minutes. Crude DNA extracts
from paraffin-embedded COS-1 and CV-1 cells, as well as a water blank,
served as positive and negative controls and were included with each
amplification. The COS-1-positive control was always done after the tumor
samples to avoid contamination. The CV-1 and no template negative
controls were always the final samples in a series to verify that no

A.
cdc25.for
TGGTGGGCCAAACACTATCCTGCTCTGGCTATGGGGCGGGGCAAGTCTTACCATTTCCAGAGCAAGCACACGCCCCCAGGTGATC (100 bp)
TGCGAGCCCAACGAT
cdc25.rev
B.
J pRb/p107/p130 p53 p53
DOMAIN BINDING BINDING BINDING
(aa 1-82) (aa 101-118) (aa 351-450) (aa 533-626)
5‘E|— 4918 4571| | | - | | 2693
Primer P Sv.for3 Primer N'

GAGGAGATGAAGAAAAAATGAAGAAA
ATGAATACTCTGTACAAGAAAATGGAA
GATGGAGTAAAATATGCTCATCAACCT
GACTTTGGAGGCTTCTGGGATGCAAC

TGAGGCTACTGCTGACTCTCAACATTC

GTGGCATTGCTTTGCTTCTTATGTTAATTTGGT

TACTCCTCCAAAAAAGAAGAGAAAGGT
AGAAGACCCCAAGGACTTTCCTTCAGA
ATTGCTAAGTTTTTTGAGTCATGC

ACAGACCTGTGGCTGAGTTTGCTCAAAGTATT
CAGAGCAGAATTGTGGAGTGGAAAGAGAGAT
TGGACAAAGAGTTTAGTTTGTCAGTGTATCAA

300 bp—>
200 bp—>

100 bp—>

TGAGGTATTTG SV.rev AAAATGAAGTTTA
Primer Q Primer K’
5027-4911 4476-4372 3106-2966
(117 bp) (105 bp) (141 bp)
C.
cdc25.for, SV.for3,
cdc25.rev SV.rev P,Q N’, K’
L < < < <
o = < =z - 4 < 4 e
£ o 5T o o T o o T o aO T o
< o > [e] o > (] ) > O o > (o]
£ c O o c 0o o c O O c 0o o

Figure 1. Multiple primer sets detect DNA encoding the SV40 large T antigen. A, quality of the DNA extracted from paraffin-embedded samples was

determined by PCR amplification of a fragment of the cellular gene cdc25C. Primers used are in bold. B, a schematic of the SV40 genomic DNA encoding the
large T antigen from nucleotides 5163 to 2693. A single intronic sequence (4918-4571) is removed in the mature mRNA. DNA corresponding to four regions of the
SV40 large T antigen that have been implicated in its ability to transform cells (shaded boxes). Each of the four primer sets used in this analysis is in bold. The
indicated sequence corresponds to the sequence of strain 776 (NCBI entry AF316139). C, DNA extracted from formalin-fixed and paraffin-embedded COS-1 cells
(containing a single copy of the SV40 genome) or CV-1 cells (parental cell line containing no SV40) was used as templates in PCR reactions with the indicated primer

sets. Bracket and asterisk, primers or primer-dimers.
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Figure 2. Sensitivity of detection of SV40 large T antigen is one copy in 1,000 to 5,000 cells. A, sensitivity of the PCR assay was determined by mixing DNA
derived from formalin-fixed, paraffin-embedded COS-1 cells with a sample of DNA extracted from formalin-fixed, paraffin-embedded CV-1 cells (the parent cell line to
COS-1, lacking any SV40 sequences) at various ratios. PCR was performed with the indicated primer sets. Bracket and single asterisk, primers or primer-dimers.
Bracket and double asterisk, a nonspecific PCR product. B, sensitivity of the PCR assay was also determined by adding a known amount of genomic DNA equivalents
derived from COS-1 cells to a sample of DNA extracted from formalin-fixed, paraffin-embedded CV-1 cells (the parent cell line to COS-1, lacking any SV40 sequences).
Each template contained the DNA equivalent of ~ 1,000 cells. The lanes labeled CV-1 and COS-1 are reaction using only DNA extracted from formalin-fixed and
paraffin-embedded cells. PCR was performed with the indicated primer sets. Bracket and single asterisk, primers or primer-dimers.

Published reports also have identified immunoreactive SV40
large T antigen in malignant mesothelioma samples (8). Subsets
of samples were therefore analyzed by immunohistochemistry.
PAb 101 is a monoclonal antibody that specifically reacts with
the COOH-terminal region of the SV40 large T antigen (14). It
does not cross-react with the closely related large T antigens of
the human viruses, JC or BK (18, 19). The specificity of this
antibody was revealed by immunoblotting. By immunoblot
analysis, this antibody readily detected a single band with the
appropriate mobility for T antigen in lysates of COS-1 cells,
whereas T antigen—negative CV-1 cells showed no immunoreactive
species (Fig. 5B). We confirmed the usefulness of this antibody for
the specific detection of T antigen by immunostaining of formalin-

fixed and -embedded CV-1 and COS-1 cells (Fig. 4, top). Yet, no
immunoreactive T antigen was detected in any of the meso-
thelioma or normal kidney samples analyzed (Table 1). Represen-
tative micrographs of mesotheliomas from the United Kingdom are
shown (Fig. 4, bottom). These results also conflict with previous
reports, which identified immunoreactive SV40 large T antigen in
malignant mesothelioma samples (8).

When protein extracts of COS-1 and CV-1 cells were mixed
at various ratios, SV40 T antigen could still be detected at a
ratio of 150 by immunoblot analysis (Fig. 54). We then
analyzed six mesothelioma cell lines which were negative for
T antigen under the same conditions (Fig. 5B). Three (211H,
H28, and H2052) were also subjected to PCR amplification of

Table 1. Summary of SV40 analysis in malignant mesothelioma and normal kidney
Source Tissue type cdc25C PCR SV40 PCR SV40 T antigen
immunohistochemistry

Croatia Mesothelioma 16/23 0/16 0/8

South Africa Mesothelioma 11/43 0/11 0/10

United Kingdom Mesothelioma 26/30 0/26 0/5

United Kingdom Kidney 20/30 0/20 0/5

United States Mesothelioma 16/17 0/16 0/9
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Figure 3. PCR analysis did not detect
SV40 large T antigen in samples of
mesothelioma or normal kidney. A-D,
DNA derived from formalin-fixed,
SV.for3 paraffin-embedded samples were
—
105 bp SV.rev ’ subjected to PCR performed with the
) indicated primer sets. Bracket and single

asterisk, primers or primer-dimers. These
included mesotheliomas (Lanes 2,

3, 5, and 10) and normal kidney samples
(Lanes 4, 6, 7, 8, 9, and 11).

—

genomic DNA. No sequences corresponding to SV40 T antigen
were detectable (data not shown). It should be noted that
these results contrast to a previous study which found
detectable genomic SV40 sequences in H28 and H2052 cells

as well as T antigen expression by immunoblotting in H2052
cells (20).

SV40 large T antigen has a well-characterized role in binding
and inhibiting the activity of p53. Sequence analysis of reverse
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Figure 4. Immunostaining did not detect SV40 large T
antigen in samples of mesothelioma. Formalin-fixed,
paraffin-embedded samples were stained using the
monoclonal antibody Pab 101. CV-1 cells, COS-1 cells, and
two examples of mesotheliomas obtained from the United
Kingdom are shown.
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transcription-PCR amplified p53 mRNA revealed that five of the
mesothelioma lines contained wild-type p53 (data not shown).
The sixth cell line (NCI-H2452) expressed a truncated p53 (Fig. 64).
Treatment with doxorubicin, a DNA-damaging agent, led to
inducible expression of p53 in all five wild-type p53 expressing
lines (Fig. 64), and each showed a corresponding increase in the
expression of the p53 target, p21 (Fig. 64), and growth arrest as
measured by flow cytometry (Fig. 6B). These findings exclude the
possibility of an occult virally encoded protein inhibiting p53
function. As expected for a truncated p53 protein, no increase in
p53 or p21 protein levels was observed for the NCI-H2452 cell line
(Fig. 64) nor did it undergo cell cycle arrest (Fig. 6B).

Discussion

A number of studies have reported detection of SV40 in human
mesotheliomas and other tumors (8). Recently, an Institute of
Medicine report has emphasized both the potentially serious public
health implications and need for further investigation of these
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Figure 5. SV40 large T antigen is not detected in mesothelioma cell lines. A,
sensitivity of the immunoblotting assay was determined by mixing protein
extracts of COS-1 cells and CV-1 cells at various ratios. Samples were then
electrophoresed, transferred to nitrocellulose, and immunoblotted with a
monoclonal antibody against SV40 large T antigen. B, protein extracts of the
indicated cell lines were electrophoresed, transferred to nitrocellulose, and
immunoblotted with either a monoclonal antibody against SV40 large T antigen
or cellular actin, as a loading control.

findings (12). With this in mind, our present studies used a
combination of sensitive PCR-based molecular diagnostic and
immunologic approaches to address this question in tumor samples
and mesothelioma cell lines. We provide strong evidence against
any role of SV40 in the etiology of this tumor. It has been argued
that differences in the published frequency of SV40 detection in
human malignant mesothelioma may be related to geographic
variation in populations exposed to the virus. Only some lots of
poliovaccine are known to have been contaminated with SV40 in
the United States and the United Kingdom, and some countries did
not receive SV40-containing vaccines at all. Using one set of the very
same PCR primers used here, a published report detected SV40 DNA
in over 60% (29 of 48) of the malignant mesothelioma samples
tested, a frequency that is sufficient to expect that the samples
examined by us should similarly have revealed SV40 positivity (7).
Yet in results presented here, among 69 tumors analyzed including
16 from the United States, none were found to contain detectable
SV40 T antigen DNA using three distinct primer sets under
conditions shown to be capable of demonstrating the presence of
T antigen sequences in less than one in one thousand cells. The
continued application of properly designed, analytic approaches as
described here should resolve any remaining controversy
concerning the presence of SV40 in human tumors and the
potentially important public health ramifications involved.

Epidemiologic studies have examined the possible increased
incidence of disease among different populations known to be
exposed to contaminated poliovirus vaccines. No clear association
has yet been shown (12). Indeed, examination of specific
populations known to have been exposed to contaminated
vaccines failed to show any increased risk of malignancy (21, 22).
Careful analysis of studies using serologic data suggests that
reported presence of seropositivity for SV40 in many cases is likely
due to cross-reactivity with the closely related JC and BK viruses
(23). Taken together, population-based studies also do not support
a role for SV40 in human disease (12, 23, 24).

The early region of the SV40 genome is differentially spliced to
produce both small and large tumor antigens. The commonly used
primers (SV.for3 and SV.rev) amplify a region of SV40 genomic DNA
that is used as a coding region for the pRb binding site on large T
antigen and also span a DNA sequence that represents an intron
that is removed in the mature mRNA for small t antigen. Of note, the
small t intron is commonly found in a variety of commercially
available expression and reporter vectors (25). This raises the
possibility that detection of the 105-bp DNA sequence between
nucleotides 4476 to 4372 may be due to laboratory contamination.
The negative findings with control samples in some studies (8)
would presumably make this possibility less likely. However,
consistent with our results are recently reported negative findings
with respect to SV40 detection in malignant mesothelioma (26—-29).
A recent publication similarly did not confirm earlier reports of
SV40 sequences in a large cohort of non-Hodgkin's lymphomas from
the United Kingdom (30). The differences in findings among many
of these published reports can not be readily reconciled.

Some studies that have detected SV40 DNA in tumors have
indicated its presence in a small subset of tumor cells (8). Our
studies indicate that if SV40 were present in these samples, it must
occur in <2% of the cases analyzed by us and/or only in a very small
subset of tumor cells. Studies with a temperature-sensitive SV40
large T antigen have shown that its expression is required for
maintenance of the transformed phenotype (31, 32). Thus, the
presence of less than one SV40 genome per tumor cell is
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