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The aim of this study was to evaluate whether the presence of
simian virus-40 (SV40) is associated with increased release of
vascular endothelial growth factor (VEGF) in human malignant
mesothelioma (MM) cells. We studied nine cell lines derived
from pleural effusion (PE) of patients with MM, and three differ-
ent cultures of normal human mesothelial cells (NHMC) derived
from pleural fluid of patients with congestive heart failure.
NHMC were transfected with full length SV40 (NHMC-FL) or
large T antigen (NHMC Tag) DNAs. High levels of VEGF were
detected in conditioned media of each of two MM cells that
tested positive for SV40 by PCR amplification and Southern blot
hybridization and for Tag transcript by reverse transcription–
polymerase chain reaction (RT-PCR) and immunoprecipitation.
We also found that NHMC-FL released high amounts of VEGF.
Conditioned media from SV40-positive MM cells and from FL-
NHMC increased proliferation of human umbilical vein cells
(HUVEC) and this effect was partially abrogated by adding spe-
cific blocking antibodies against VEGF. These results offer the
first evidence that SV40 can cause VEGF release in SV40-positive
MM cells and that entire viral genome is required for this effect.

 

Human malignant pleural mesothelioma (MM), consid-
ered a rare human tumor, is showing a dramatic increase
in incidence worldwide (1, 2). Epidemiologic studies have
predicted that approximately a quarter of a million Euro-
peans will develop MM during the next few decades and
that the frequency of this tumor in the United States has
increased by ninety percent in the last twenty years (3, 4).
The highly aggressive nature of MM and its resistance to
present therapeutic strategies explain why the average sur-
vival of most affected patients is only 8–12 mo from diag-
nosis (5). Comprehension of the pathogenesis and molecu-
lar pathways involved in the development of MM will
determine whether efficient diagnostic and therapeutic pro-
tocols will successfully meet the clinical needs in future cases.

Asbestos is commonly considered by far the most rele-
vant causative agent of MM, although only a fraction of
exposed subjects eventually develop the disease (6). Nu-
merous studies have shown the expression of Simian Virus

40 (SV40) in MM tissue (7–9) and that SV40 viral gene
product, Tag, binds and inactivates cell cycle regulatory
proteins like p53 and Rb (10, 11). In addition, SV40 is ca-
pable of replication in mesothelial cells (12, personal com-
munication), and SV40 sequences in nonepithelial MM
correlates with poor prognosis (13). All this evidence sug-
gests that further studies are needed to determine the role
of this highly oncogenic DNA virus in MM pathogenesis.

Different growth factors, like platelet-derived growth
factor A and B (14), insulin-like growth factor-1 (IGF-1)
(15), basic-fibroblast growth factor (b-FGF) (16), and
hepatocyte growth factor (HGF) (17) have been shown to
play a significant role in the development and progression
of MM. Correlation between diminished patient survival
and increased expression of vascular endothelial growth
factor (VEGF) or b-FGF has been recently confirmed in
patients with MM (18, 19). In particular, it was suggested
that in addition to potential angiogenic properties, VEGF
might contribute to decreased MM patient survival by
directly stimulating the growth of MM cells in an autocrine
fashion (18). We found that the production of HGF in

 

normal and malignant mesothelial cells was increased after
SV40 transfection and that HGF synthesis and HGF-
dependent autocrine stimulation may lead to a growth ad-
vantage in SV40-positive mesothelial cells (personal com-
munication). Interestingly, a recent report also showed that
the release of HGF was capable of regulating VEGF and
VEGF receptor expression (20).

In light of these findings, our study is aimed at investigat-
ing whether SV40 status may affect VEGF expression in
normal human mesothelial (NHMC) and MM cells. For this
purpose we measured the levels of VEGF in conditioned
media of primary MM cell cultures derived from SV40-pos-
itive and -negative patients with MM. We also investigated
whether transfection of SV40 DNA or Tag DNA into pri-
mary NHMC could influence VEGF expression in culture
media. Finally, we indirectly assessed the angiogenic poten-
tial in SV40-positive MM by determining cell proliferation
of human umbilical vein endothelial cells (HUVEC) cul-
tured with conditioned media (CM) from SV40-positive
MM cells and SV40-transfected NHMC (NHMC-FL).

 

Materials and Methods

 

Cell Lines

 

Primary MM cell cultures and primary NHMC were derived
from pleural fluids following previously described methods (15,
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21). MM cells were separated from the pleural effusion (PE) of
nine patients with MM, while NHMC were isolated from three
patients with transudative pleural fluid due to congestive heart
failure and with no history of malignant disease. The mesothelial
origin of the isolated cells was confirmed by positive immuno-
staining with commercially available antibodies raised against cy-
tokeratins, vimentin, or calretinin, as previously described (21).
Furthermore, negative immunostaining with antibodies against
carcinoembryonic antigen (CEA), Leu-M1, and B72.3 ruled out
the epithelial origin of these cells. Cells were cultured in RPMI
1640 or Dulbecco’s modified Eagle’s medium/Ham’s F-12 nutri-
ent mixture medium supplemented with 10% fetal calf serum,
1% penicillin/streptomycin (PS), 1% 

 

L

 

-glutamine (

 

L

 

-Glu) (GIBCO
BRL Life Technologies Inc., Gaitersburg, MD) and maintained
in a humidified atmosphere at 37

 

�

 

C and 5% CO

 

2

 

.

 

Transfection with SV40 and Tag DNAs

 

The three primary NHMC cultures were transfected with either
SV40 full length DNA (NHMC-FL) or with the recombinant vec-
tor pSV3neo expressing SV40 Tag (NHMC-Tag). Nontrans-
fected NHMC or NHMC transfected with irrelevant pSV3neo
plasmid (NHMC-IR) were used as negative controls. Stable
transfectants were obtained by transfection of pSV3neo and
SV40 DNA using the polycation compound “Superfect” as indi-
cated by the supplier (Qiagen GmbH, Hilden, Germany). Growth
selection was performed in growth medium supplemented with
0.8mg/ml G418-sulfate (Geneticin; GIBCO BRL Life Technolo-
gies Inc.). Stable cell cultures were examined by immunoblotting
using a monoclonal antibody to Tag (Ab-1; Oncogene Science,
Tarrytown, NY).

 

Polymerase Chain Reaction, Reverse
Transcription–Polymerase Chain Reaction, and 
Hybridization for Detection of SV40 Sequences

 

Amplification of 250 ng genomic DNA was performed by poly-
merase chain reaction (PCR). Cycling parameters were: 1 min at
95

 

�

 

C, 30 s at 56

 

�

 

C, and 16 s at 72

 

�

 

C for 35 cycles. Approximately
400 ng of total RNA, extracted with the guanidinium thiocyanate
system (Rneasy Kit, Quiagen GmbH), were used for reverse
transcription (RT)-PCR (Accept RT-PCR Kit; Promega Biotec,
Madison, WI). The reaction mixture was incubated at 48

 

�

 

C for
45 min and after heat inactivation of AMV-RT at 95

 

�

 

C for 2 min,
SV40 cDNA was amplified as follows: 45 s at 95

 

�

 

C, 1 min at
60

 

�

 

C, 1 min at 72

 

�

 

C for 35 cycles with a final extension at 72

 

�

 

C
for 10 min. The oligomers used for PCR and RT-PCR amplifica-
tions were: SV5: 5

 

�

 

-TAGGTGCCAACCTATGGAACAGA-3

 

�

 

and SV6: 5

 

�

 

-GAAAGTCTTTAGGGTCTTCTACC-3

 

�

 

.
For the hybridization of PCR products, DNA was transferred

from agarose gel to a nylon membrane (Hybond-N

 

�

 

; Amersham
Pharmacia, Little Chalfont, UK) and UV cross-linked. The filters
were exposed to pre-hybridization solution, saturated with dena-
tured salmon sperm DNA (Sigma Aldrich, Milan, Italy) and in-
cubated with the labeled probe (region 4402–4570 of the SV40
genome) overnight at 60

 

�

 

C. The probe was radiolabeled with 10 

 

�

 

l
[

 

�

 

-

 

32

 

P]-dCTP (specific activity 3000 Ci/mmol; Amersham) using
the Random-Primed Kit (Boehringer Mannheim, Milan, Italy)
and unincorporated nucleotides were removed on Quick Spin
columns (Sephadex G-50; Boehringer Mannheim). Nonspecific
binding was removed by washing the nylon filter with wash
buffer 1 (0.01% SDS–10% SSC) and wash buffer 2 (0.01% SDS–
0.1% SSC) at 60

 

�

 

C.

 

Immunoprecipitation and Immunoblotting for Detection of 
SV40 Tag Protein

 

Cells were washed with cold phosphate-buffered saline (PBS) and
lysed with ice-cold Rapid Immunoprecipitating Agent (20 mM

 

Tris-HCl pH 7.4, 150 mM NaCl, 0.1% SDS, 1% TRITON X-100,
0.5% sodium deoxycholate, 5 mM EDTA) buffer containing pro-
tease inhibitors (aprotinin, 10 mg/ml; pepstatin, 10 mg/ml; leu-
peptin, 50 mg/ml; phenylmethylsulfonyl fluoride, 1mM). Cell ly-
sates were cleared by centrifugation. An equal amount (800 

 

�

 

g)
of total protein was immunoprecipitated by gentle mixing for 2 h
at 4

 

�

 

C with anti-Tag (Ab-1; Oncogene Science) specific antibody
(200 ng/ml) adsorbed to 40 

 

�

 

l protein A-Sepharose beads (Am-
ersham Pharmacia). Immunocomplexes were washed six to eight
times with lysis buffer and proteins were dissociated from immu-
noprecipitates by boiling in Laemmli buffer in reducing condi-
tions. Proteins were separated on SDS-7.5% polyacrylamide gels
and transferred to nitrocellulose filters (Hybond; Amersham).
Filters were probed with the same antibody used for immunopre-
cipitation and specific binding was detected by the enhanced
chemiluminescence system (ECL; Amersham).

 

VEGF Levels

 

Immunoassay of VEGF was performed on conditioned me-
dium (CM) from subconfluent NHMC, NHMC-Tag, NHMC-FL,
NHMC-IR, and from SV40-positive and SV40-negative MM PE
and primary cell cultures using a commercial ELISA kit and fol-
lowing manufacturer’s instructions (R&D Systems, Abingdon, UK).

 

Effect of Conditioned Medium from SV40-Positive MM 
Cells and NHMC-FL on HUVEC Growth

 

The potential angiogenic effect of SV40-positive MM was tested
by incubating HUVEC with culture medium (Medium 199, 2%

 

L

 

-Glu, 1% PS, 0.2% Gentamycin, 10% heparin, 10% ECGF, 20%
fetal calf serum; GIBCO BRL Life Technologies Inc.) supple-
mented with CM (1:1) obtained from a representative SV40-posi-
tive MM patient and NHMC-FL. After 24 and 48 h of growth,
HUVEC proliferation was evaluated by microscopic observation
and quantified by cell counts using the trypan-blue exclusion
method. Cell counts were then compared with control HUVEC,
HUVEC grown in culture medium containing 10 ng/ml of rhVEGF
(R&D Systems), and HUVEC grown in culture medium contain-
ing CM pretreated with 40 ng/ml of anti-VEGF blocking antibod-
ies (R&D Systems). The specificity and neutralization character-
istics of the blocking VEGF antibody was previously tested and
described by the manufacturer.

 

Statistics

 

All assays and cell counts were performed in triplicate and ex-
pressed as mean value 

 

�

 

 SD. Students’ 

 

t

 

 test was employed to
evaluate statistical significance of the differences in mean value 

 

�

 

SD between groups. Statistically significant findings were consid-
ered when 

 

P

 

 

 

�

 

 0.05.

 

Results

 

Detection of SV40 Sequences and Tag Expression

 

We examined cell lines derived from the PE of nine indi-
viduals with MM. PCR and hybridization analysis of ge-
nomic DNA performed on MM cells using SV5 and SV6
primers, encompassing nucleotides 4402–4574 of the SV40
genome (7), revealed the presence of SV40 early region
DNA in two cell lines (MMP and MMCa). These viral se-
quences were transcriptionally active, because Tag expres-
sion was observed by RT-PCR and immunoblotting in
these same cells. Tag transcript was not detected in the
other seven cell lines. Cell morphology referring to the his-
tologic subtypes of the original tumor did not reveal any
association with the presence of the SV40 sequences
(Table 1).
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The three NHMC primary cultures were transfected
with either SV40 DNA (NHMC-FL) or with pSV3neo ex-
pressing Tag (NHMC-Tag). PCR analysis of G418 se-
lected clones confirmed the presence of SV40 Tag encod-
ing sequence. Immunoprecipitation and immunoblotting
performed on selected clones showed that both types of
transfectants displayed expression of SV40 Tag (Table 1).

 

Evaluation of VEGF Release

 

Figure 1 shows mean VEGF levels measured in CM from
the different cell lines tested. Mean VEGF levels were sig-
nificantly higher in SV40-positive primary MM cell cul-
tures (1579 

 

�

 

 367 pg/ml) and in NHMC-FL (1554 

 

�

 

 312
pg/ml) compared with the mean level measured in CM of
SV40-negative MM cells (307 

 

�

 

 102 pg/ml) (

 

P

 

 

 

�

 

 0.01),
NHMC (168 

 

�

 

 27) (

 

P

 

 

 

�

 

 0.01), NHMC-IR (668 

 

�

 

 75) (

 

P

 

 

 

�

 

0.05), and NHMC-Tag (815 

 

�

 

 53) (

 

P

 

 

 

�

 

 0.05). The mean
VEGF level in CM of NHMC-Tag was significantly higher
than either SV40-negative MM (

 

P

 

 

 

�

 

 0.01) or NHMC (

 

P

 

 

 

�

 

0.001). Mean VEGF level in CM of NHMC-Tag was greater
than the mean level found in NHMC-IR, though the differ-
ence was at the limit of statistical significance (

 

P

 

 

 

	

 

 0.05).

 

HUVEC Proliferation

 

After 48 h, cellular density evaluated by light microscopic
observation was more evident in HUVEC grown in me-
dium supplemented with CM of SV40-positive MM cells
compared with controls. In particular, compared with con-
trols, cell counts significantly increased after 24 h ([558 

 

�

 

42] 

 




 

 10

 

3

 

 cells) and 48 h ([710 

 

�

 

 92] 

 




 

 10

 

3

 

 cells) of growth
with CM of SV40-positive MM cells (

 

P

 

 

 

�

 

 0.01) or from

NHMC-FL (Figure 2). The significant trend was observed
after 24 h ([540 

 

�

 

 42] 

 




 

 10

 

3

 

 cells) and 48 h ([640 

 

�

 

 76] 

 




 

10

 

3

 

 cells) (

 

P

 

 

 

	

 

 0.01) with HUVEC grown in control me-
dium supplemented with rhVEGF. The addition of block-
ing antibodies against human VEGF to the culture me-
dium containing CM from MM cells did not significantly
affect cell proliferation at 24 h ([478 

 

�

 

 64] 

 




 

 10

 

3

 

 cells) and
48 h ([574 

 

�

 

 98] 

 




 

 10

 

3

 

 cells) (

 

P

 

 

 

�

 

 0.05).

 

Discussion

 

In this study, high VEGF levels were detected for the first
time in CM of SV40-positive primary MM cell cultures.
These levels were significantly higher compared with the
levels measured in growth medium of SV40-negative MM
cell cultures. Also, transfection of NHMC with full length
SV40 DNA resulted in a significant increase of VEGF lev-
els in CM compared with the levels found in CM of non-
transfected NHMC and in NHMC-Tag. These results sug-
gest that SV40 may participate in determining increased
VEGF production by mesothelial cells.

These observations are intriguing in the context of re-
cent reports showing that SV40 replication can occur in
human mesothelial cells (12) and that a VEGF-dependent
autocrine circuit can sustain MM cell growth 

 

in vitro

 

 (18).
In light of these observations, it is possible to speculate
that SV40 may determine a growth advantage in SV40-
positive MM cells, not only by inactivating cell cycle regu-
latory proteins, as previously suggested (10, 11), but also
by inducing increased expression of specific growth fac-
tors, including VEGF. The latter hypothesis is supported
by findings in an animal model, where high growth rate
and 

 

in vivo

 

 tumorigenicity were shown to be associated
with increased IGF-1 release in SV40-positive MM tumor
cells (22).

How SV40 may be involved in growth factor–regula-
tory mechanisms is unclear. It can be speculated as to
whether specific region(s) of the SV40 genome can act as a
transcription factor for the synthesis of growth factors, like
IGF-1 or VEGF. Future investigation employing specifi-
cally engineered defective SV40 viruses would be neces-
sary to investigate this possibility.

Inactivation of p53 in breast cancer cells was shown to
be associated with decreased expression of thrombospon-

 

TABLE 1

 

Characteristics of cell lines studied and histotypes related

 

Cell lines
sV40-Tag 

Sequence*
Tag 

Expression

 

†

 

Cell Morphology

 

‡

 

Control (COS-7)

 

� �

 

Fibroblastoid
MMB

 

� �

 

Epithelial
MMC

 

� �

 

Epithelial
MMA

 

� �

 

Sarcomatous
MMCa

 

� �

 

Epithelial
MMP

 

� �

 

Sarcomatous
MMM

 

� �

 

Sarcomatous
MMO

 

� �

 

Sarcomatous
MMG

 

� �

 

Epithelial
MMCo

 

� �

 

Epithelial
NHMC A

 

� �

 

Epithelioid
NHMC A-Tag 

 

� �

 

Fibroblastoid
MHMC A-FL

 

� �

 

Fibroblastoid
NHMC B

 

� �

 

Epithelioid
NHMC B-Tag

 

� �

 

Fibroblastoid
NHMC B-FL

 

� �

 

Fibroblastoid
NHMC C

 

� �

 

Epithelioid
NHMC C-Tag

 

� �

 

Mixed
NHMC C-FL

 

� �

 

Fibroblastoid

 

Definition of abbreviations:

 

 MM, malignant mesothelioma; NHMC, normal
human mesothelial cells.

* PCR (SV5-SV6 primers).

 

†

 

RT-PCR and immunoblotting.

 

‡

 

Histologic subtypes of MM cell lines and morphologic appearance of
NHMC before and following transfection (cytokeratin, vimentin, and calretinin
markers).

Figure 1. Mean VEGF levels measured in CM from different
MM cell lines tested. Mean VEGF level in CM of NHMC-Tag
was greater than the mean level found in NHMC-IR, though the
difference was at the limit of statistical significance (P 	 0.05).
*P � 0.01; �P � 0.05; ��P � 0.05.
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din-1, a well known extracellular matrix protein capable of
regulating endothelial growth by antagonizing VEGF pro-
angiogenic effects (23). Because SV40 Tag protein has
been shown to bind and inactivate p53 (10), this mecha-
nism may indirectly favor increased VEGF production in
MM and can explain why our SV40-positive MM cells pro-
duce higher VEGF levels. Another possibility derives
from our recent observations of increased HGF produc-
tion and Met activation in mesothelial cells transfected
with SV40 DNA (personal communication). Interestingly,
HGF has been linked with increased VEGF production
and flk-1 expression (20). Whether significant VEGF pro-
duction is a consequence of SV40-induced HGF activity in
MM needs to be further studied.

The findings described here show that NHMC-FL re-
lease greater quantities of VEGF compared with NHMC-
Tag, suggesting that VEGF release in NHMC is related to
the presence of the entire SV40 genome. This difference in
VEGF release may be explained by the observation dem-
onstrating cooperation between Tag and small t antigen
(tag) for entire SV40-dependent oncogenic effects in hu-
man cells (24, 25). The transfection of NHMC with the ir-
relevant plasmid also caused increased expression of
VEGF. This suggests that SV40-dependent transforming
effect or malignant status may not be a prerequisite for in-
creased mesothelial cell VEGF production, and that any
disturbance of normal mesothelial cell homeostasis may
result in increased growth factor production. In fact, non-
malignant pleural effusions, like empyema, parainfectious
effusions, or rheumatoid effusions, have shown higher lev-
els of VEGF compared with noninflammatory pleural
transudates (26), and the inoculation of irritants such as
asbestos fibers into normal mesothelial lining of experi-
mental animals resulted in increased local angiogenesis,
probably secondary to increased production of angiogenic
factors (27).

Several studies have reported significantly higher levels
of VEGF in malignant compared with nonmalignant pleu-

ral effusions (26, 28). In addition, increased tumor vessel
density (29–31) and serum VEGF levels (18) were found
to correlate with diminished MM patient survival. How-
ever, these studies reported contrasting data as to whether
tumor vessel formation in MM is dependent on VEGF ex-
pression. Because the presence of SV40 has been sug-
gested to represent a negative prognostic factor in MM pa-
tients (13), it would be interesting to study, in a larger
series, whether poor prognosis caused by increased VEGF
levels may reflect SV40 status in MM.

We show that when CM from SV40-positive MM cells
is added, the proliferation of HUVEC is stimulated in the
same way as control medium containing rhVEGF. Block-
ing antibodies against human VEGF added to SV40-posi-
tive MM CM did not show any significant reduction in
HUVEC counts. This suggests that VEGF may not be the
only growth factor produced by MM cells capable of stim-
ulating endothelial cell growth, and explains why VEGF-
blocking antibodies do not completely interfere with
HUVEC proliferation. This is not surprising, because
numerous endothelial growth factors, including b-FGF,
PDGF, IL-8, and HGF have been detected in CM of MM
(32, 33). It has to be recalled that HGF itself is an angioge-
netic factor (34) and that it was detected in CM of NHMC-
FL (personal communication). As suggested for other cell
types (20), the expression of HGF may cause enhance-
ment of VEGF and flk-1 expression. In fact, we found that
HUVEC grown with CM from NHMC-FL also produced
increased proliferation.

Our findings describe a new mechanism by which SV40
might favor MM proliferation. As our MM cells were di-
rectly derived from the PE of patients with MM, these data
suggest that the described mechanism can occur in vivo as
well. Indeed, SV40 could promote MM growth by stimu-
lating, through still unknown mechanisms, the production
of VEGF. Because VEGF appears to play an important
role in MM proliferation by stimulating autocrine growth
of tumor cells, our data support the rationale for address-
ing future research toward experimental clinical trials em-
ploying anti-angiogenic agents for the treatment of MM.
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