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Abstract

Suppression of the late gene expression, usually by integration
of the viral DNA into the host genome, is a critical step in DNA
tumor virus carcinogenesis. SV40 induces high rates of
transformation in infected primary human mesothelial
cells in tissue culture, leading to the formation of immortal
cell lines (SV40-transformed human mesothelial cell lines,
S-HML). The studies described here were designed to elucidate
the unusual susceptibility of primary human mesothelial cells
to SV40 carcinogenesis. We found that S-HML contained wild-
type, mostly episomal SV40 DNA. In these cells, the early genes
that code for the viral oncogenes are expressed; at the
same time, the synthesis of the late genes, capsid proteins, is
suppressed and S-HML are not lysed. Late gene suppression is
achieved through the production of antisense RNA molecules.
These antisense RNA molecules originate in the early region of
the SV40 circular chromosome and proceed in antisense
orientation into the late gene region, leading to the formation
of highly unstable double-strand RNA, which is rapidly
degraded. Our results reveal a novel biological mechanism
responsible for the suppression of late viral gene products, an
important step in viral carcinogenesis in humans. [Cancer Res
2008;68(22):9488–96]

Introduction

SV40 is a DNA tumor virus capable of infecting and transforming
human cells in tissue culture (1). SV40 transforms cells through the
activities of its two major oncogenes: the large T antigen (Tag) and
the small t antigen (tag; refs. 1, 2). The late region of the SV40
genome synthesizes the major capsid protein VP-1 and the capsid
proteins VP-2 and VP-3, which together enable the SV40 DNA to be
packaged into transmissible infectious particles (3).

SV40 infection of human cells has been studied mostly in
fibroblasts (1, 4–6), which are permissive to SV40 replication, and
infection leads to cell lysis (1, 4–6). Malignant transformation is a
rare event, which starts under lytic conditions when the SV40 DNA
becomes integrated into the host cell genome with expression of
the early region that codes for the Tag and tag and with parallel
lack of expression of the late region (5, 6). Foci of SV40-transformed
fibroblasts can be established in tissue culture but usually enter
crisis, and only f5% of these foci can be established as immortal
cell lines. Crisis is a period in which the cells become growth

arrested after an initial extension of their life span caused by a
carcinogen, such as SV40. SV40-transformed fibroblast cell lines
that emerge from the crisis express Tag and tag but do not produce
infectious SV40 (5, 6).

Synthesis of Tag and tag takes place soon after infection (1). The
SV40 Tag binds and inactivates numerous host proteins, including
p53 and pRb, and transactivates several cellular promoters (1, 2, 7).
In addition, the Tag-p53 complex acquires its own oncogenic
activity because it binds to the insulin-like growth factor-I (IGF-I)
promoter and causes the production and the release of IGF-I,
which promotes malignant cell growth (8). Direct and indirect
functions of Tag are modulated by the activity of tag, a protein that
binds and inactivates cellular protein phosphatase 2A. Through
this inhibition, tag reinforces mitogenic stimuli acting through the
extracellular signal-regulated kinase pathway, leading to activator
protein-1 activation (9, 10). Additional functions of the SV40 early
gene products have been described after infection of primary
human mesothelial cells (HM), including the induction of
hepatocyte growth factor and consequent c-Met phosphorylation
(11), induction of Notch signaling (12), etc.

Tag is also required for SV40 DNA replication (13) and
transcription (8, 14). During replication of the SV40 DNA, late
gene transcription takes place. This is initiated by a dual
mechanism: Tag-mediated transcriptional induction (15) and
titration of cellular transcriptional repressors at the late promoter
(at the so-called +1 and +55 hormone-responsive elements in
the late SV40 region) by the accumulating SV40 DNA molecules
(16–18). During the late phase of SV40 infection, human cells are
blocked in G2 because of the activation of the checkpoint kinase
Chk1 (19). Accumulation of SV40 late proteins overstimulates
cellular poly(ADP-ribose) polymerase–causing cell necrosis (20)
and the release of infectious SV40 into the extracellular space. New
cells are infected, and the infection propagates until cells are lysed
(in vitro) or until the immune system clears the infection (in vivo).
Nevertheless, through unknown mechanisms, SV40 can establish
latency in permissive monkey kidney cells in vivo (1) and possibly
in MH cells, because f5% to 10% of nonmalignant HM (pleural)
biopsies tested were SV40-positive (6, 21, 22).

The undifferentiated nature of the mesothelial cells, a remnant
of mesoderm, may account for some of their unusual character-
istics, such as their high susceptibility to SV40 infection (23, 24),
asbestos (25), and erionite (26) carcinogenesis and to the unique
histologic and clinical features of mesotheliomas, the tumors that
originate from these cells. SV40 causes mesotheliomas in hamsters
(9, 27). Some tested human mesotheliomas were SV40-positive,
although different studies reported different percentages of
positivity (f 0–60%; reviewed in refs. 5, 6, 28–32). These findings
have caused a debate in the scientific community about the
possible role of SV40 in the pathogenesis of human mesothelioma
and other malignancies (1, 6, 28–32).

Note: Supplementary data for this article are available at Cancer Research Online
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Although the role of SV40 in human mesotheliomas is still
debated (32), there is general agreement among laboratories that,
in tissue culture, HM are unusually susceptible to SV40 infection
and malignant transformation (11, 23, 24, 33, 34). HM express high
levels of wild-type p53 that binds to Tag and inhibits Tag-mediated
SV40 replication (23). The oncogenic activities of Tag (1, 2, 7, 8,
11, 12) and the limited cell lysis lead to a rate of transformation of
f1/5,000 SV40-infected mesothelial cells (S-HM), as measured by
the number of tridimensional foci, compared with f1/107 to 109

rate of transformation observed in SV40-infected human fibro-
blasts (1, 11, 23, 24, 33, 34). Moreover, whereas <5% of fibroblast-
derived foci give rise to immortal cell lines, f90% of those derived
from S-HM give rise to immortal SV40-transformed human
mesothelial cell lines (S-HML; refs. 11, 12, 23, 35).

The studies described here were designed to investigate the
genetic expression of SV40 in S-HM and S-HML and their possible
relationship to the unusual susceptibility of HM to SV40-mediated
malignant transformation. We show that, in SV40-infected HM,
there is an active process of late gene silencing mediated by long,
antisense late RNA molecules. This process coincides with HM
transformation, and it is probably required for the maintenance of
the transformed phenotype.

Materials and Methods

Cell culture and infections conditions. HM and S-HML were cultured

and infected as we described (23, 33). For details, see supplementary data.

Antibodies, immunochemistry, and Western blot experiments. These
were as we described (23, 33), for details see supplementary data.

Plasmid construction, luciferase, and RNA interference assays,
fluorescence in situ hybridization, transfection, Northern blotting, and
Southern blotting experiments. These were according to standard

procedures. For details, see supplementary data.

Nuclear run-on experiments. Nuclear run-on assays on 5 � 106 nuclei

purified from each sample were performed as described (36).
In situ hybridization. In situ hybridizations were performed as

described (37). For details, see supplementary data.

SV40 late mRNAs half-life measurements. SV40 late mRNAs half-life

was determined by mRNA decay. This was assayed after exposure of cells
to 50 Ag/mL of a-amanitin (Sigma-Aldrich) at the time points specified.

No reverse transcriptions of each sample were used as negative controls.

VP-1 mRNA values were normalized for 28S rRNA amounts and plotted as
percentage of the time 0 sample. See supplementary data for details and

ref. 38.

RNA polymerase II quantitative chromatin immunoprecipitation.
Chromatin immunoprecipitation (ChIP) was carried out as described in the
ChIP kit protocol from Upstate Biotechnology, with minor modifications.

See supplementary data and Supplementary Table S1 for details.

Strand-specific quantitative reverse-transcriptase PCR. Total RNA

was extracted from S-HML1 cells using the Qiagen RNeasy kit, treated with
Q-DNase (Promega), and reextracted using the same kit. (A graphic

representation of the experimental procedure is provided in Supplementary

Fig. S1.).

The RNA was reverse transcribed using the Superscript III RT from
Invitrogen (2 Ag of RNA/reaction at 55jC for 20 min) using 18 primers (in

separate reactions) to synthesize cDNAs from sense and antisense RNAs

derived from the early and late regions of the SV40 genome. The sequences
of the primers used are listed in Supplementary Table S1.

To detect antisense late SV40 transcript using end-point reverse-

transcriptase PCR (RT-PCR), 2 Ag of total RNA isolated from S-HML1 and

S-HML4 were reverse transcribed using primer 5¶-CCCCAAAAAATGCTA-
CAGTTGAC-3¶ (positions 2040–2062 of the SV40 genome). Reverse

transcription reactions were then PCR amplified using primers

5¶-GGGTGTTGGGCCCTTGTGCAAAGC-3¶ (LA1) and 5¶-CATGTCTG-

GATCCCCAGGAAGCTC-3¶ (LA2). Sense late gene transcripts were reverse

transcribed using primer 5¶-AGTTGTGGTTTGTCCAAACTCATC-3¶ (posi-
tions 2581–2558 of the SV40 genome) and amplified with primers LA1 and

LA2. Real-time PCR using SYBR green (Applied Biosystems) was performed

according to standard protocols. Putative antisense early transcripts were

reverse transcribed using either primer LA1 or 5¶-ACCACAACTAGAATG-
CAGTGAAAAAA-3¶ (positions 2573–2598 of the SV40 genome), and the

cDNA was amplified with the primers 5¶-TTTATCAGCATTTTCCTGG-

CTGTCTCC-3¶ and 5¶-ACCTGTGGCTGAGTTTGCTCA-3¶, which should have

amplified a 188-bp DNA fragment (Supplementary Table S1) corresponding
to positions 2881 to 3069 of the SV40 genome. We used SV40 strain 776 (1);

no polymorphism was detected at the Tag carboxy terminus.

Results

Initial observations: S-HML express Tag and do not express
VP-1. Immunostaining experiments revealed that Tag was
expressed in f100% of S-HM (data not shown and ref. 23) and
in all S-HML (f100% of the cells in seven of seven tested cell lines;
Fig. 1A ). In situ hybridization experiments supported the
immunostaining results because SV40 genomes were detected in
the nuclei of most cells in each S-HML (Fig. 2C). Although f100%
of the cells expressed Tag in both S-HM and S-HML, Western blot
experiments indicated that the amounts of Tag were markedly
elevated in S-HML compared with early-infected mesothelial cells
(S-HM; Fig. 1C).

Instead, VP-1 staining was positive in f100% of S-HM from
48 hours to 2 weeks postinfection (Supplementary Fig. S2), but
it was either completely negative (Fig. 1B) or mostly negative with
rare positive staining cells (f1/105–6) in S-HML. Western blot
analyses revealed high levels of VP-1 in S-HM soon after infection
and low to undetectable levels in S-HML (Fig. 1D). These data were
supported by electron microscopy. SV40 particles were readily
detectable by electron microscopy in S-HM, as measured at
72 hours and 2 weeks postinfection, but were not detected in
S-HML (data not shown; ref. 23). Nevertheless, all seven S-HML

Figure 1. S-HML express SV40 early genes but do not express SV40 late
genes. A and B, immunocytochemistry on S-HML1. Tag (A) and VP-1 (B )
staining. Original magnification, 100�. Tag is uniformly expressed in these cells.
VP-1 expression is undetectable. C and D, Western blot analysis of Tag (C ) and
VP-1 (D ). In C, the amounts of Tag in S-HML are compared with those detected
in S-HM 72 h after infection (top gel ) and to 0.25 Ag of purified Tag (lane P,
bottom gel ). D, expression levels of VP-1 in S-HM 22 and S-HM 31 72 h after
SV40 infection compared with VP-1 levels in different S-HML. Lane P, 100 Ag of
total cell lysates were loaded in each lane. Glyceraldehyde-3-phosphate
dehydrogenase is the loading control.
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released low amounts of infectious SV40, because their tissue
culture media caused vacuolization and lysis of monkey kidney cells
(CV-1) 4 to 5 weeks after inoculation (compared with CV-1 infected
at a multiplicity of infection of 1 per cell, in which extensive cell
lysis was observed within a week). In summary, these data showed
active SV40 production in S-HM up to 2 weeks postinfection and
low to undetectable VP-1 expression, paralleled with low virus
production, in S-HML in spite of the presence and expression of
SV40 Tag in f100% of the cells in each of these seven cell lines.

S-HML contain mostly episomal wild-type SV40 genomes.
We expected that the disappearance of VP-1 in S-HML was caused
by the integration of the SV40 DNA into the host genome with
consequent disruption of the late coding regions. Southern blot
analyses performed on total DNA extracted from S-HML did not
detect integration of the SV40 DNA within the genomes of different
S-HML. Instead, low molecular weight (f5 kb), possibly episomal,
SV40 DNA was detected (Fig. 2A). To reconcile these unexpected
results with the integration hypothesis, we speculated that the
pattern generated by the restriction analysis could have originated
from the integration of SV40 DNA in multiple tandem repeats in a
head-to-tail arrangement. Also, the absence of high molecular
weight DNA might have been related to the possible inability of this
DNA to enter the agarose gel. To test for the presence of ‘‘true’’ low
molecular weight SV40 DNA, we extracted DNA from 5 � 106 cells
from seven different S-HML following a standard alkali/SDS
procedure (a protocol used to extract plasmid DNA from
Escherichia coli) and analyzed these DNAs by Southern blot
hybridization. Comparisons of the amounts of extracted DNAs with
known amounts of SV40 DNA indicated that different S-HML
contained, on average, f50 (S-HML1) and up to f1,000 copies

(S-HML4, the cell line with more SV40 DNA) of SV40 DNA per cell
(Supplementary Fig. S3). These results supported the presence of
episomal SV40 in S-HML. At the same time, fluorescence in situ
hybridization (FISH) showed that f20% of metaphase spreads
contained an about one to three copies of integrated SV40 per cell
(Fig. 2D). FISH did not detect SV40 in the remaining 80% of cells in
these cell lines. Because Tag immunostaining (Fig. 1A) and in situ
DNA hybridization (Fig. 2B and C) revealed the presence of SV40
DNA in almost 100% of the S-HML, these results supported the
interpretation that SV40 was present mostly as an episome inside
S-HML, although a minor subpopulation of cells contained
integrated SV40. This finding is in agreement with a recent report
by K. Rundell, who found the presence of episomal SV40 in S-HML
developed in her laboratory (34).

These initial set of data indicated that VP-1 capsid protein
expression was suppressed in the vast majority of S-HML. In the
20% of cells containing integrated SV40, VP-1 suppression could
have been caused by the disruption of the integrity of the late
regions during the process of integration of SV40 into the host
cell genome. But how was VP-1 capsid protein expression
suppressed in the majority of S-HML containing episomal SV40
and expressing Tag?

DNA sequence analyses. We sequenced both the integrated and
the episomal SV40 DNAs from S-HML1 and S-HML4 using
procedures to separately isolate high and low molecular weight
DNA. Two separate extractions were performed from each cell line,
and the results were analyzed in parallel. To study the SV40 DNA
sequences integrated into high molecular weight DNA, we used
PCR analyses with primers that amplify the regulatory and the late
SV40 regions, followed by DNA sequencing. We detected extensive

Figure 2. S-HML1 contains episomal SV40 genomes. Representative set of experiments (similar results were obtained in different S-HML). A, Southern blot performed
on total DNA (10 Ag/lane) extracted from S-HML1. Lane S, 5 ng of purified, uncut SV40 DNA (the upper band f10 kb corresponds to circular relaxed DNA, the
lower band to linear DNA); lane 1, uncut S-HML1 genomic DNA (note the absence of high molecular weight DNA hybridizing with the SV40 probe); lane 2, BamHI;
lane 3, EcoRI; lane 4, HindIII; lane 5, Kpn I; lane 6, BspHI. Blots were hybridized with a 32P-labeled SV40 probe. BamHI, EcoRI, and Kpn I have one restriction site
within the SV40 genome, BspHI cuts twice, whereas HindIII produces the characteristic pattern shown in lane 4. Southern blot analysis was performed after 75
passages in tissue culture. DNA sequencing of SV40 genomes extracted from this clone indicated that cells contain wild-type, nonarchetypal SV40. B and C, in situ
hybridization using biotinylated oligonucleotides with a random sequence (B) or complementary to SV40 (C ). Because this technique identifies, on average,
f1/10 genomes copies (37), the occasional negative staining cells may contain <10 copies of SV40. D, chromosomal localization of SV40 DNA sequences on
metaphase spread from S-HML1 (passage 13) as determined by FISH. Note specific hybridization signals on a marker chromosome interpreted to be a 7;13 derivative
chomosome. The photograph represents digitally enhanced, merged images of SpectrumOrange signals (arrow ) and 4¶,6-diamidino-2-phenylindole–stained
chromosomes; the latter is displayed in blue.
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rearrangements in the integrated DNA. For example, DNAs from
both cell lines contained insertions of DNA sequences from the
early region in sense or antisense orientation within the sequences
of the SV40 regulatory and late regions (not shown). The finding
that these rearranged sequences were not detected by Southern
blot hybridization (Fig. 2) supports the FISH results, showing that
integrated SV40 represents a minority of the SV40 DNA present in
S-HML.

To study episomal SV40, low molecular weight SV40 DNA was
cloned into pUC21, and we sequenced the DNAs of four
independent clones. The results showed the presence of wild-type
SV40 DNA identical to the SV40 strain 776 used to transform these
cells. These findings did not support the hypothesis that DNA
mutations within the SV40 late region caused the lack of VP-1
expression.

VP-1 mRNA is undetectable in S-HML by Northern blot
analyses. Abrogation of VP-1 expression seemed to coincide with
morphologic transformation (i.e., the appearance of flat foci) and

was maintained throughout culturing of S-HML (see Supplemen-
tary Fig. S1).

The steady-state levels of expression of the early and late mRNA
were measured by Northern blot in both early-infected S-HM and
S-HML. At 72 hours after SV40 infection, S-HM expressed
detectable amounts of early mRNA and apparently larger amounts
of late mRNA (an indication of a heterogeneous cell population, in
which some S-HM are in the early phase of SV40 infection whereas
other S-HM are in the late phase). Instead, S-HML expressed higher
amounts of early SV40 mRNA compared with S-HM, but the late
mRNAs were undetectable (Fig. 3A). These results closely matched
the protein studies (Fig. 1). The absence of late mRNA in S-HML
suggested that transcription at the SV40 late promoter was
suppressed.

To test this hypothesis, we conducted a number of experiments,
which are briefly summarized below (see also the supplementary
data). Bisulfite sequencing showed no methylation of the SV40
regulatory region up to the +55 transcription regulatory element.

Figure 3. Transcription of the early and
late genes in S-HML. A, Northern blot
hybridization on 40 Ag of total RNA extracted
from noninfected HM and S-HM 72 h after
infection (lane 2) and from different S-HML.
Note that 72 h after SV40 infection, HM
express both early and late SV40 mRNAs.
The 16S late mRNA, which encodes VP-1, is
shown; the 16S mRNA is f100 times more
abundant than the 19S mRNA, which codes
for the other SV40 late proteins (48). Instead,
S-HML express only early mRNA, but late
mRNAs are not detectable by Northern blot
in these same cells. B, nuclear run-on
performed on purified nuclei from HM and
three different S-HML. The dot seen on the
top left corner likely represents nonspecific
binding of the probe to the filter. Early, 5 Ag of
double-stranded, alkali-denatured early
probe; late, 5 Ag of double-stranded,
alkali-denatured late probe; k, 5 Ag
alkali-denatured EDNA digested with
HindIII; 28S, 5 Ag of double-stranded,
alkali-denatured PCR product of the 28S
rRNA gene. S-HML nuclei synthesize
approximately 3� more late than early
transcripts. C, RNA Pol II occupancy along
the SV40 genome in S-HML1. Pol II
occupancy was determined by quantitative
PCR after ChIP with a rabbit polyclonal
antibody raised against the NH2 terminus of
the large subunit of Pol II. The PCR
amplicons are reported below a schematic
map of the SV40 genome in a linear form
(nucleotide numbering is from Genbank
accession AF316139). Averaged values
(FSD) from three independent
immunoprecipitations are reported on the
horizontal axis, expressed as percentage of
input chromatin immunoprecipitated by
Pol II antibody. As expected, Pol II density is
higher in proximity of the early and late
transcriptional start sites compared with the
rest of each transcriptional unit. On the
average, Pol II occupancy seems higher on
the late region than on the early region.
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In parallel, aza-dC and thricostatin A treatment of S-HML did not
rescue VP-1 expression in S-HML. Likewise, treatment of different
S-HML with thyroid, retinol, and different estrogen hormones
failed to rescue VP-1 expression in these cells. Treatment of CV-1
cells with these same hormones induces transcription of the late
genes during the early phase of viral infection (16, 17). Because
S-HML seemed to overexpress retinoid X receptor a and thyroid
hormone receptor a (the latter are two known transcriptional
repressors of the SV40 promoter; refs. 17, 18), we used RNA
interference (RNAi) approaches to artificially down-regulate these
proteins, yet we could not rescue VP-1 expression in S-HML
(Supplementary Fig. S4). In summary, these experiments did not
support the hypothesis that late gene silencing in S-HML was
caused by DNA methylation or by known transcriptional repress-
ors of the SV40 late promoter.

SV40 late promoter is transcriptionally active in S-HML.
We cloned firefly luciferase under the control of the late promoter
[two different constructs: (a) luciferase was under the control of
the entire SV40 regulatory region, including the +1 regulatory
element; (b) luciferase was placed downstream from the late
intron, therefore including the +1 and the +55 regulatory
elements]. These plasmids were transfected in three different
S-HML and three different primary HM, and reporter gene activity
was evaluated by a luminometer. Both the +1 Luc and +55 Luc
(see supplementary data) gave background readings (10–30 light
units) when transfected into HM. Cell lysates from S-HML
transfected with +1 Luc gave >1 � 105 light units (i.e., maximum
instrumental readings). S-HML transfected with the +55 Luc
plasmid gave readings of 2 to 5 � 104 light units (data not
shown). These data indicated that luciferase, under the control of
the SV40 late promoter, was actively expressed in S-HML,
disproving the hypothesis of transcriptional repression of the
late SV40 promoter.

We challenged the reporter assay experiments by measuring the
rate of transcription at the early and late promoters in S-HML
through nuclear run-on experiments. The results showed that
nuclei extracted from different S-HML transcribed, on average,
3� more late than early transcripts (Fig. 3B). Furthermore,
quantitative ChIP experiments showed that RNA polymerase II
(Pol II) was present on both the early and late regions of the SV40
genome in S-HML1 (Fig. 3C ; same results were obtained in
S-HML4, not shown). As expected, Pol II density was higher in the
proximity of the early and late transcriptional start sites
compared with the rest of each transcriptional unit. In agreement
with the results from the run-on experiments, we found that, on

average, Pol II occupancy on the SV40 genome was higher on the
late region than on the early region, with a maximum peak at the
initiation of transcription of the late region (Fig. 3C). Together,
these results indicated that the late SV40 promoter was actively
transcribed in S-HML.

SV40 late transcripts have a shorter half-life in S-HML
compared with early-infected S-HM. To study this paradox
(active transcription at the SV40 late promoter that resulted in
nondetectable steady-state amounts of the late mRNA in S-HML),
we measured the half-life of the late transcripts in S-HM 72
hours after infection and in S-HML. We performed mRNA decay
assays using a-amanitin to inhibit RNA Pol II, followed by real-
time RT-PCR to detect late transcripts. Precisely, the half-life
measured was that of the 84-nucleotide-long fragment of the
VP-1 mRNA at the 3¶ terminal portion (positions 2009–2093; see
supplementary data for details). In Fig. 4, we show the summary
of the SV40 late RNA decay experiments performed on four
different S-HM 72 hours after SV40 infection (Fig. 4A) and on
two different S-HML (Fig. 4B). SV40 late mRNAs displayed a half-
life >5 hours in S-HM. Instead, in S-HML, the SV40 late RNA
half-life was only 30 minutes. The bimodal curve of RNA decay in
S-HML (Fig. 4; a steep decay in the first 30 minutes followed by a
less pronounced decay similar to that observed in S-HM)
suggested that 30 minutes after a-amanitin administration,
which is approximately the time required to inhibit RNA Pol II,
the late RNA in S-HML became more stable. This unexpected
finding suggested that RNA Pol II–dependent transcription was
required for late mRNA destabilization. We investigated this
hypothesis.

S-HML transcribe antisense late RNA. Continuous degrada-
tion of late mRNA in S-HML could be maintained in these cells if
an active mechanism of RNAi takes place, either mediated by
specific microRNAs (miRNA) or by long antisense RNA duplexes.
A putative miRNA precursor that could target the late genes has
been identified in the early SV40 region, positions 29 to 5201 (39).
However, the functionality of such miRNA precursor has been
disproved (39). Instead, there is an miRNA precursor in the late
transcripts that promotes degradation of the early transcripts
during the late phase of SV40 infection (39). To study whether
miRNA processing caused the rapid degradation of late transcripts,
we down-regulated nRnase III Drosha (40) using RNAi. This
strategy did not rescue VP-1 mRNA expression in S-HML
(Supplementary Fig. S5).

Next, we considered the possibility that long complementary
RNA could have mediated late gene silencing in S-HML (41).

Figure 4. Shortened SV40 late mRNA half-life in S-HM
(A ) compared with early infected S-HML (B). mRNA decay
experiments in four different HM 72 h after SV40 infection
in two S-HML. The experiments were repeated thrice for
both, S-HML1 and S-HML4.
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Antisense late SV40 RNAs could be generated if transcription of
the SV40 early genes would extend beyond 180j around the SV40
circular chromosome (Fig. 5). To begin testing the hypothesis that
transcription beyond the polyadenylation signal into the late
region in antisense orientation to the late mRNA could have
accounted for late gene silencing in S-HML, we performed the
following experiment. Two aliquots of 20 Ag of purified SV40 DNA
were handled in parallel. One aliquot was digested with Taq I,
which cuts the early region of the SV40 genome at position 4740.
The resulting linear molecule contained the regulatory region that
may have driven transcription of truncated early mRNAs
(including the putative miRNA precursor at positions 29–5201),
whereas the late promoter could have driven the transcription of
the entire late mRNAs. The other SV40 DNA aliquot was mock-
digested and purified in parallel to the digested aliquot.
Transfection of S-HML with circular SV40 did not induce VP-1;
instead, transfection with the linearized SV40 DNA rescued VP-1
expression in 10% to 30% of transfected cells (Fig. 5). Therefore,
by linearizing the SV40 DNA and, thus, preventing the putative
formation of an antisense message originating from the early
region, we could rescue VP-1 expression in a fraction of the
transfected cells.

To test the existence of late antisense transcripts, we built a
transcriptional map of the SV40 genome in S-HML1 through
strand-specific RT followed by quantitative PCR (see Supplemen-
tary Materials and Methods, Supplementary Table S1, and
Supplementary Fig. S5 for a schematic outline of the experimental
strategy). We used six primer couples for the late SV40 region and
three primer couples for the early SV40 region. As shown in Fig. 6,
we found that early region transcripts are preponderantly
represented by sense RNAs. On the other hand, we detected
comparable levels of both sense and antisense late transcripts
(Fig. 6). Antisense late RNA sequences were detected for the entire
late transcription unit. This result is consistent with a scenario
wherein Pol II, transcribing the early region, reads through the
early polyadenylation signal and then proceeds transcribing into
the late region, thus generating a long late antisense RNA. This late
antisense RNA seems linked to the destabilization of the late
mRNAs (Fig. 4). In conclusion, a silencing mechanism mediated by

long antisense RNA reconciles the results, showing an active SV40
late promoter in S-HML with the lack of mature late mRNAs and
late viral protein synthesis.

This phenomenon seems to be established early in the process
of S-HM transformation. Two weeks after SV40 infection,
morphologically transformed flat foci did not express VP-1 by
immunohistochemistry whereas the surrounding S-HM did
express VP-1 (Supplementary Fig. S2). SV40 late gene silencing
was also observed in primary human brain cells (astrocytes) in
tissue culture upon SV40-mediated transformation (Supplemen-
tary Fig. S6).

Discussion

Studying the process of SV40-mediated transformation of HM,
we discovered a novel biological mechanisms that leads to the
suppression of viral late gene products. This mechanism is based
on the generation of antisense mRNA molecules to repress late
gene expression. We found that S-HML express the early genes that
are responsible for SV40-mediated transformation but do not
synthesize the late gene products that are required for viral DNA
packaging (3) and promotion of host necrosis (20). Because the
late gene products are not synthesized in S-HML, episomal SV40
does not cause cell lysis. Therefore, there is no selective pressure
for integration of SV40 into the host cell genome, and the SV40
chromosome remains mostly episomal even after prolonged
passage in tissue culture. Our results provide a mechanistic
explanation to the paradox that episomal SV40 does not cause
extensive cell lysis in HM and that, instead, the presence of
episomal SV40 leads to a very high rate of malignant transforma-
tion (f1/5,000 infected cells) compared with the rate of
transformation observed in human fibroblasts (1/107–9 infected
cells).

Although no late mRNA was detected in S-HML, reporter assays,
run-on experiments, and Pol II ChIP assays revealed that the late
SV40 regions were actively transcribed. However, RNA decay assays
indicated that the late mRNA stability was significantly decreased
in S-HML compared with early-infected S-HM, suggesting that the
late mRNA was being rapidly degraded (Fig. 4).

Figure 5. Linearized SV40 DNA rescues VP-1 synthesis
in a fraction of transfected S-HML. At 24 h after
transfection, cells were assayed by immunocytochemistry.
A, lack of VP-1 expression in S-HML1 24 h after
electroporating 10 Ag of circular SV40 DNA. The arrows on
the SV40 map represent the direction of transcription
from the early promoter (EP) and late promoter (LP).
The region containing the early and late polyadenylation
sites is indicated as poly(A). B, VP-1 immunostaining of
S-HML1 24 h after electroporating 10 Ag of Taq I-digested
SV40 DNA. Note VP-1 expression in these cells. As
expected, reactivation is transient and disappears 3 to 5 d
after transfection. Similar results were obtained in S-HML4.
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We hypothesized that a putative antisense RNA could be
generated if the early transcripts extended beyond the early
polyadenylation signal into the late region, thus generating double-
stranded RNA molecules, which are targets for Dicer-mediated
degradation (42, 43). This hypothesis was supported by the
observation that Taq I linearized SV40 genomes transiently rescued
VP-1 synthesis in S-HML in some of the transfected cells. These
DNA molecules can only generate late mRNA and short, truncated
early transcripts but cannot generate late antisense molecules
(Fig. 5). To detect the possible presence of the putative antisense
late transcripts in S-HML, we designed a strand-specific quantita-
tive RT-PCR analysis (see Supplementary Fig. S5 for an outline of
the experimental approach). We found that sense RNA is
predominantly detected among RNA molecules corresponding to
the SV40 early region. On the other hand, in most of the SV40 late
region, we detected comparable amounts of both sense and
antisense RNAs. The late VP-1 mRNA was not detectable by
Northern blot, and the overall level of late RNA measured by
quantitative RT-PCR was lower than early RNA level, indicating
fragmented late sense transcripts (Fig. 6). Together, these results
are consistent with our hypothesis that, in S-HML, long, double-
stranded late RNA molecules mediate SV40 late gene silencing.
Considering that the early mRNA is properly processed (Fig. 3), our
findings suggest that there is uncoupling between the polyadeny-
lation and termination complexes (44), leading to the production of
an intact early message, whereas the polymerase remains on the
DNA template and proceeds on producing RNA in antisense
orientation to the late message. The relatively low amount of late
antisense, detected by the L5 and L6 primers soon after the
polyadenylation site, seems to support this interpretation. In fact,
at the 3¶ end of the late region, the ratio antisense/sense drops at
values of f11% and 9% for amplicons L5 and L6 (Fig. 6).

Late gene silencing seems to be an early event in SV40-mediated
transformation of S-HM (see Supplementary Fig. S1), which persists

during passage in tissue culture. In preliminary experiments aimed
at determining whether late gene silencing was observed in other
cell types, we have observed this effect in primary human
astrocytes infected in tissue culture with SV40. Similarly with S-
HML, 2 months postinfection, SV40-transformed human astrocytes
showed a progressive reduction of VP-1 expression and a parallel
increase in Tag expression (Supplementary Fig. S6). Brain cells are
also very susceptible to SV40 carcinogenesis (1). It seems possible
that silencing of SV40 late gene expression may favor malignant
transformation by reducing the risk of SV40 late gene-induced cell
necrosis (20).

In some cell types, expression of long double-stranded RNA
molecules activates the IFN response with consequent stimulation
of protein kinase R (PKR), an event that leads to general
translational repression in mammalian cells and apoptosis (45).
In cells where long double-stranded RNA molecules do not elicit
PKR activation (such as S-HML), expression of long antisense RNA
duplexes elicits degradation of the target mRNA because each
individual duplex can generate an undefined number of small
interfering RNA; therefore, there is no need for a 1:1 ratio between
the target mRNA and its antisense molecule because one duplex
can generate numerous miRNAs targeting the sense RNA (41).

Infected fibroblasts produce large amounts of SV40 and undergo
SV40-promoted cell necrosis. Thus, it is possible that, in fibroblasts
and in other permissive cell types, late gene silencing mediated by
antisense late RNA either does not take place or is a short-lived
phenomenon insufficient to repress VP1-3 production. Experi-
ments are in progress to address this hypothesis.

DNA tumor viruses transformation is often associated with
integration of the viral DNA into the host cell genome (31, 46); thus,
the finding that SV40 was prevalently episomal in S-HML was
unexpected. Episomal SV40 in cancer cells is disadvantageous
because viral late proteins can be synthesized and these proteins,
which are not required for cellular transformation, promote

Figure 6. Transcriptional map of the SV40 genome in
S-HML1 shows the presence of late antisense transcripts.
RNA was measured by strand-specific reverse
transcriptase followed by quantitative PCR. The PCR
amplicons are reported below a schematic map of the
SV40 genome in linear form (nucleotide numbering is from
Genbank AF316139*). Average values (FSD) were
calculated from four quantitative PCR runs of samples
derived from three independent strand-specific reverse
transcriptase experiments. In the graph, the average value
of sense RNA from the early region (amplicons E7, E9 and
E11) is set to 100. The amplified fragments from the early
region are almost exclusively from sense RNA. Instead,
comparable levels of both sense and antisense
amplicons are generated from the late region (http://
www.ncbi.nlm.nih.gov/Genbank/GenbankOverview.html).
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necrosis (20). Southern blot experiments revealed only (or

prevalently) low molecular weight SV40 DNA in S-HML. Initially,

we thought that these results were caused by the head-to-tail

integration of multiple copies of SV40 into the host cell DNA.

Subsequent experiments did not support this interpretation: large

amounts of episomal SV40 were isolated using procedures

optimized to extract plasmid DNA from bacteria (thus excluding

high molecular weight DNA). FISH experiments revealed the

presence of integrated SV40 in only 10% to 20% of cells in S-HML

(Fig. 2D); however, most or all S-HML expressed SV40 Tag (Fig. 1)

and contained SV40 DNA (Fig. 2B). Also, an extensive review of the

literature did not identify any manuscript reporting the presence of

perfect tandem repeats of SV40 integrated into human cells

(perfect head-to-tail configuration would be required to produce

the pattern seen in Fig. 2A). Therefore, the evidence supports the

interpretation that S-HML contain episomal SV40, although a

fraction of the cells also contain integrated SV40 DNA. Our findings

in S-HML share some similarities with the EBV-associated

malignancies in which, although the infection in the tumor cells

is latent and does not produce virus, viral genes are expressed in

all tumor cells (31). Thus, similar with EBV-associated malignan-

cies (31), SV40-associated malignancies (6) may be susceptible to

the influence of the immune system as the recent data seem to

suggest (47).

The data presented here and previous results (23, 24) suggest
the following model to account for the unusual susceptibility of
HM to SV40-mediated transformation. The high endogenous
levels of p53 present in HM bind Tag and slow down SV40
replication early during infection, thus preventing cell lysis (23).
Subsequently, the generation of long antisense late transcripts
prevents capsid protein production and, thus, viral particles
formation and SV40 late gene protein-promoted cell necrosis.
This allows SV40 to remain episomal without causing cell lysis,
whereas the expression of the SV40 early genes causes HM
malignant transformation.
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