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SV40, Growth Factors, and Mesothelioma

Another Piece of the Puzzle
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The initiation and development of malignant mesothe-
lioma, a tumor derived from mesothelial cells which line
the pleural and peritoneal cavities, are under intense in-
vestigation as this unique tumor has been associated his-
torically with occupational exposures to asbestos (1, 2), and
is increasing in several countries (3). More importantly,
the prognosis of patients with mesothelioma is grim, most
surviving less than a year after initial diagnosis (1, 2). Thus,
effective therapeutic strategies are desperately needed. In
the past few years, simian virus 40 (SV40), a DNA virus,
has been linked to the etiology of mesothelioma in multi-
institutional studies showing that ~ 50% of human me-
sotheliomas in the United States contain SV40 large T an-
tigen (T-Ag) DNA sequences (reviewed in Refs. 4, 5). The
link between mesothelioma and SV40 appears to be re-
lated to the contamination of polio vaccine stocks with
SV40 sequences, but it is unclear how the virus is spread in
humans (4). In Finland, where the polio vaccine shows no
SV40 contamination, the frequency of mesothelioma is
significantly lower (107> compared with 1.4 X 107°) and
associated with environmental asbestos exposure rather than
concomitant exposure to SV40 sequences (6). A causal link
between SV40 and mesothelioma has also been strength-
ened by studies showing that SV40 sequences are selec-
tively expressed in mesothelioma cells, and not in adjacent
parenchymal cells or lung carcinomas (7, 8). Moreover,
mechanistic work demonstrates that human mesothelial
cells are uniquely susceptible to SV40 infection and malig-
nant transformation (9). In these experiments, infection of
normal human mesothelial cells by SV40 led to an ex-
tremely high rate of morphologic transformation (at least
1,000 times higher than other cell types infected with this
virus), and immortality. In addition, SV40 acts synergisti-
cally with asbestos to cause malignant transformation of
human mesothelial cells (9).
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SV40-associated mesothelial cell transformation has been
attributed to the ability of SV40 T-Ag to inactivate the tu-
mor suppressors, p53 (10) and p-retinoblastoma (Rb) fam-
ily proteins (11). Inactivation of pRb and p53 by the SV40
T-Ag also has an indirect effect on pl6 and p21 cyclin
D-dependent kinases that appear to be depleted in me-
sothelioma cells as a result of loss of heterozygosity (LOH),
and through a reduction in p53-dependent transcription,
respectively (12, 13). As a result of the T-Ag activity, cy-
clin-dependent kinase subunits are rearranged (14). The
SV40 small t-antigen (t-Ag) also modulates cell prolifera-
tion by enhancing the activity of telomerase (15), Extracel-
lular Signal-Regulated Kinases (ERKs) and Activator Pro-
tein-1 (AP-1) (16). This appears to be a function of a t-Ag—
mediated decrease in Protein Phosphatase 2A (PP2A).

Yet other events involved in immortalization of cells
and tumor development by SV40 are clearly involved, be-
cause mesotheliomas have long latency periods in man, av-
eraging from 25 to 40 yr (1). Growth factors may be critical
stimuli of mesothelial cell proliferation, increasing not
only the susceptibility of cells to DNA-damaging agents
and genetic instability, but also the expansion of trans-
formed cell populations. In addition, elaboration of growth
factors may be essential to creation of a favorable environ-
ment for tumor development.

Normal human and rodent mesothelial cells proliferate
in response to a number of growth factors, including epi-
dermal growth factor (EGF) (17, 18), tumor necrosis
factor (TNF)-a (17, 19), platelet-derived growth factor
(PDGF) (18), hepatocyte growth factor (HGF) (20), and
keratinocyte growth factor (KGF) (20). In vivo, rodent
pleural mesothelial cells exhibit increases in DNA synthe-
sis several days after inhalation (21) or intratracheal instil-
lation of amphibole types of asbestos (20, 22). These early
proliferative events may be mediated in part via increased
levels of HGF and KGF in pleural lavage fluid (20), as op-
posed to direct effects of fibers on mesothelial cells, as few
fibers have been detected at the pleural surface in this
short time frame of exposure. Although HGF is produced
in general by mesenchymal cells, recent work by Cacciotti
and colleagues (23) shows that the HGF receptor, Met, a
proto-oncogene product whose activation leads to cell
growth and altered morphogenesis, is activated in SV40-
positive mesothelioma cells. Moreover, when normal human
mesothelial cells are transfected with full-length SV40
DNA, Met receptor activation is induced and associated
with S-phase entry, fibroblastoid morphology, and the as-
sembly of viral particles that infect adjacent mesothelial
cells, inducing an HGF-dependent Met activation. This work
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may be of special significance as high levels of HGF are
detected in pleural effusions from patients with malignant
mesothelioma (24). It also suggests a mechanism whereby
SV40-infected cells may propagate infection and prolifera-
tion of surrounding mesothelial cells.

EGF is required for growth of normal human mesothe-
lial cells (18, 25). Intriguingly, normal mesothelial cells
transfected with the EJras oncogene become EGF-inde-
pendent (26), a phenomenon not yet explored after infec-
tion with SV40. Although normal mesothelial cells, asbes-
tos-transformed mesothelioma cells, and spontaneously
transformed mesothelial cells express functional EGF re-
ceptors (EGFR) (19, 27), only cell lines derived from as-
bestos-induced mesotheliomas express and secrete trans-
forming growth factor (TGF)-a, which binds to the EGF
receptor with high affinity. In addition, TGF-a acts as an
autocrine growth factor for asbestos-induced mesothelio-
mas, because their growth is inhibited with use of a neu-
tralizing TGF-a antibody (27). TGF- also plays a role in
cell transformation and tumorigenesis (reviewed in Ref.
28), as antisense approaches inhibit growth of mesothe-
lioma cells in vivo and in vitro (29). Interleukin (IL)-6 and
1L-8 (30, 31) have also been implicated in reducing tumor-
igenesis in a nude mouse model.

PDGF may also be an autocrine growth factor for hu-
man mesothelioma cells as both PDGF-A and -B chain
mRNAs are expressed at higher levels in mesothelioma as
opposed to normal mesothelial cell lines, and PDGF-like
mitogenic activity is observed using mesothelioma-cell line
conditioned medium (32). Paradoxically, overexpression
of PDGF-A has a growth inhibitory effect on human me-
sothelioma cells in vitro, but increases tumor incidence
and growth rate after their injection into nude mice (33).
Conversely, abrogation of PDGF through a knockdown
antisense approach decreases the tumor incidence. These
results support previous results showing that PDGF-A chain
overexpression causes tumorigenic conversion of human
mesothelial cells (34).

Insulin-like growth factors (IGF) I and II also function
as autocrine growth factor stimuli in normal mesothelial
and mesothelioma cells (35, 36), and release of IGF-1 is
implicated in governing both growth rate and tumorigenic-
ity of SV40-induced mesotheliomas (37). These results im-
plicate multiple cytokine receptor-induced cell signaling
cascades in the advent of mesothelial cell proliferation,
and suggest that a focus on blocking common downstream
events or points of convergence of these pathways may be
merited in therapeutic strategies.

One common signaling cascade that is activated after
phosphorylation of receptor tyrosine kinases is the ERK
arm of the Mitogen-Activated Protein Kinases (MAPKs).
This signaling pathway is associated with cell proliferation
and survival and is uniquely stimulated, as opposed to the
c-Jun-NH,-terminal amino kinases (JNKs) and p38 ki-
nases, in mesothelial (38, 39, 40) and pulmonary epithelial
cells (41, 42) exposed to asbestos at concentrations causing
early injury and subsequent proliferation of cells (17, 42).
Phosphorylated ERK protein is also increased at sites of
initial deposition of asbestos fibers in the lung at regions of
epithelial cell proliferation (43). It is noteworthy that SV40
small t antigen (t-Ag) also stimulates ERK activity by

binding to and inhibiting Protein Phosphatase 2A, a pro-
tein involved in dephosphorylation of many protein sub-
strates, including members of the MAPK pathway. This
may have relevance to the carcinogenic process, as co-
expression of SV40 T-Ag and t-Ag are required for SV40-
mediated human cell transformation (44). Work in our
laboratory has shown that ERK stimulation by asbestos fi-
bers in mesothelial and epithelial cells is protracted and
oxidant-dependent, a downstream event following phos-
phorylation and upregulation of the EGFR by asbestos fi-
bers (38, 40, 45), and linked to subsequent expression of
the protooncogenes and AP-1 family members, c-fos and
fra-1 (41). Moreover, inhibition of ERKs ameliorates both
cell injury and subsequent proliferation after exposures to
asbestos fibers (39, 40), suggesting that AP-1-dependent
gene activation is causally involved.

The summary above suggests that multiple growth fac-
tors may be integral to mesothelial cell proliferation through
autocrine and paracrine mechanisms. A new piece of the
puzzle is revealed in the paper by Cacciotti and coworkers
in this issue of the American Journal of Respiratory Cell
and Molecular Biology (46). This work reveals that SV40
infection induces release of Vascular Endothelial Cell
Growth Factor (VEGF) from human mesothelial cells.
VEGTF is not only an autocrine growth factor for human
mesotheliomas (46), but a potent angiogenic factor neces-
sary for vascularization and sustenance of tumors. In addi-
tion to showing that high levels of VEGF are produced by
SV40 T antigen—positive mesothelioma cells, Cacciotti and
colleagues demonstrate that normal human mesothelioma
cells infected with a full length SV40 construct release high
amounts of VEGF into medium. The functional ramifica-
tions are proven by induction, in co-culture experiments,
of proliferation in Human Umbilical Vein Cells (HUVEC)
which is abrogated by adding antibodies to VEGF. This
work is intriguing as it illustrates for the first time that
SV40 infection causes elaboration of a factor from human
mesothelial cells that is critical to angiogenesis. The estab-
lishment of a favorable tumor environment may be rele-
vant to both asbestos- and SV40-induced mesotheliomas
and may be one mechanism whereby SV40 acts coopera-
tively with asbestos in the development of these malignan-
cies. Coupled with asbestos-induced modifications in cell
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Figure 1. Growth factor elaboration and cell signaling pathways
implicated in mesothelioma.
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signaling and in enhancement of angiogenesis, cells ex-
pressing the SV40 T-Ag and t-Ag appear to be primed for
proliferation and tumorigenesis.

Figure 1 shows a hypothetical schema of events that

may govern cell proliferation and establishment of me-
sotheliomas. In this scenario, growth factors may act prima-
rily through autocrine mechanisms to stimulate receptor ty-
rosine kinases and downstream signaling cascades, which
then lead to activation of transcription factors, i.e., AP-1,
etc., and induction of gene expression critical to cell prolif-
eration. These events favor tumor promotion and progres-
sion. On the other hand, growth factors such as VEGF may
also encourage vascularization of mesotheliomas in later
stages of tumor establishment. Discerning and blocking the
pathways of growth factor upregulation and secretion, as
well as receptor activation, may be critical to effective
strategies for prevention and therapy of mesotheliomas.
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