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Introduction

Viruses have adopted multiple mechanisms to insert their 
genomes into the nuclei of infected cells. Some, like retroviruses, 
infect only dividing cells. Their reverse-transcribed DNA asso-
ciates with cellular chromatin during mitosis when the nuclear 
envelope (NE) is disassembled. The viral chromosome of other 
viruses, including Herpes, adeno and hepatitis viruses use the 
nuclear pore complex for nuclear entry, while the viral capsid 
remains in the cytoplasm. The route of nuclear entry of poly-
omaviruses, following their disassembly in the ER, is mostly 
unknown.

Three members of the polyomavirus family are known human 
pathogens: JC virus, BK virus and the recently identified Merkel 
cell polyomavirus, MCPyV.1 JC may cause progressive multifo-
cal leukoencephalopathy,2 BK activation during renal transplant 
leads to rejection of the transplanted kidney3 and MCPyV is 
suspected as an emerging pathogen in Merkel cell carcinoma.1,4 
The related polyomavirus, SV40, has been a valuable tool for 
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molecular genetics and cell biology research for many years and 
has been a model for investigations into mammalian gene regula-
tion, DNA replication and transcription.

Polyomaviruses are capable of infecting dividing as well as 
non-dividing cells. They share an unusual cell entry mechanism 
via binding to glycolipid molecules in caveolar/lipid raft domains 
at the plasma membrane.5,6 During the first 3–6 h of infection, 
the polyomavirus traffics via the endosomal pathway to the ER,7 
where disassembly occurs at 5–6 h post-infection. The viruses 
utilize the cellular machinery for intracellular trafficking,8 and 
ER chaperones for disassembly.6,9 The 5–5.5 kb viral genome 
enters the nucleus complexed with nucleosomes in a chromatin-
like structure termed the minichromosome. It has been sug-
gested that the viral inner capsid proteins VP2/3 accompanies 
the viral genome to the nucleus by classical nucleocytoplasmic 
transport, via the nuclear pore.10 Following DNA entry into the 
nucleus, transcription of the early region is initiated, leading to 
the appearance of T-antigen at 12–14 h post infection.11 Infection 
is rather inefficient with only 1 in 100–200 DNA-containing 
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concluded from these results that the NE hinders nuclear entry 
of the viral genome.

If the NE were a barrier to nuclear entry, one would expect 
that proliferating cells would be more susceptible to SV40 infec-
tion than quiescent cells. Indeed we consistently found that pro-
liferating cells were infected at a significantly higher efficiency 
than quiescent cells as assessed by the percent of T-antigen 
expressing cells (Fig. 1C), an established assay for SV40 infec-
tivity.13 Supporting results were obtained by protein gel blotting 
analysis of T-ag level (not shown).

In another approach we used HEK-293 cells, which express 
very low levels of lamin A/C. The level of lamin A may be 
increased in these cells by overexpression from a cDNA and 
decreased by shRNA silencing. CV1 cells were not appropri-
ate for these experiments because lamin A/C silencing with the 
human targeted shRNA was not effective, presumably due to 
species difference. In HEK-293 cells, both ectopically expressed 
GFP-tagged lamin A and endogenous lamin A were silenced 
(Fig. 1D). Silencing efficiency was highest (80–90%) at 5 d post 
transfection, at which time the cells were infected with SV40. 
T-ag expression increased dramatically, up to ~7 fold, following 
lamin A/C silencing, as estimated by quantification of the signal 
by densitometry (Fig. 1E, lane 4). The control cells treated with 
scrambled shRNA sequence (lane 3) showed the same level of 
T-ag as cells overexpressing lamin A (lane 2). T-ag expression was 
diminished ~2 fold in cells with lamin A overexpression (Fig. 1E, 
compare lane 5 to lane 2). These data demonstrate that the NE is 
a barrier to nuclear entry of the SV40 minichromosome and that 
this barrier function is mediated, in part, by lamin A/C levels.

Viral DNA enters the nucleus at 8 h post infection. Although 
the NE is a barrier to viral minichromosome entry into the 
nucleus, non-dividing quiescent cells are still susceptible to infec-
tion. This suggests the existence of a viral nuclear entry mecha-
nism that does not require NE breakdown. In order to investigate 
this mechanism, it was necessary to establish the timing of viral 
genome entry into the nucleus. To that end, we measured the 
amounts of viral DNA in nuclei isolated from infected cells by 
quantitative PCR. For these experiments we have used the COS-1 
cell-line, a CV1 derivative that expresses the viral T-antigen con-
stitutively,19 since these cells support SV40 DNA replication as 
soon as the viral minichromosome enters the nucleus.

To synchronize the infection, virus adsorption was performed 
at 4°C in serum-free medium, for 1 h. Medium supplemented 
with serum was then added to the culture (time 0) and infection 
was carried on at 37°C. Using this assay SV40 DNA was detected 
in the nuclei around 8 h after infection (Fig. 2), followed by a 
sharp increase in its level. The increase was due to DNA rep-
lication, as judged by its sensitivity to the α-DNA polymerase 
inhibitor aphidicolin20 (Fig. S1). The timing of nuclear entry of 
the genome at ~8 h is consistent with studies showing that SV40 
disassembly occurs at 5–6 h post infection9 and T-ag is first seen 
after 12 h.11

Fluctuations in lamin A/C level following SV40 infection 
of quiescent CV1 cells. Protein gel blot analyses of lamins in 
SV40-infected quiescent CV1 cells showed a transient reduction 
in the level of both lamins A and C at 6 h post-infection. The 

virion particles able to lead to a productive infection12 (and our 
data). We have recently observed that efficiency of infection var-
ies between different cell types.13 This may be due to variations 
in cellular factors employed by the infecting virus.

The NE is a complex organelle that forms a semi-permeable 
barrier between the cytoplasm and nucleus. Macromolecular 
traffic across the NE occurs through large proteinaceous chan-
nels called nuclear pore complexes (NPCs), which occupy pores 
formed by fusion of the outer and inner nuclear membranes. 
The NPCs are anchored to a protein meshwork that underlies 
the inner membrane composed of the type V intermediate fila-
ment proteins, nuclear lamins. The lamins, which are classified 
into two types, the A-type (lamins A and C) and B-type lamins 
(lamins B1 and B2), maintain the mechanical stability and shape 
of the nucleus.14 Each type of lamin forms a separate meshwork 
in the lamina, but the A- and B-type meshworks also extensively 
interact.15 In addition to their role in nuclear membrane struc-
ture, lamins play important functions in DNA replication, RNA 
transcription and epigenetic modification of chromatin.16 Lamins 
are also key factors in the disassembly of the nucleus when cells 
enter mitosis, in the assembly of the mitotic spindle17 and in reas-
sembly of daughter nuclei following cell division.18

In the present study we found that infection of non-dividing 
cells leads to extensive deformation of NE structure. The changes 
in NE structure occur just prior and during nuclear entry of the 
viral genome and are coincident with changes in the phosphory-
lation state of the A-type lamins and their structural integrity, 
suggesting that nuclear trafficking of the polyomavirus genome 
is more complex than previously recognized.

Results

The nuclear envelope restricts genome entry to the nucleus. 
In order to gain a better understanding of SV40 minichromo-
some entry into the nucleus, we applied Fluorescence In Situ 
Hybridization (FISH) analysis to localize viral DNA at various 
times following infection. CV1 cells were infected at a multiplic-
ity of infection (moi) of 2 plaque-forming units (pfu) per cell 
to avoid high DNA background. It has previously been reported 
that there are 100–200 DNA-containing virus particles for each 
pfu.12 In our own experiments, comparing infective units of puri-
fied viral preparations to DNA content (measured by quantita-
tive PCR), we measured 300–500 DNA-containing particles per 
pfu in different virus stocks. A representative experiment using a 
fluorescently labeled DNA probe is shown in Figure 1A. Most of 
the viral DNA was found outside the nucleus and remained so at 
36 h post infection, well into the late phase of the viral life cycle. 
These results were supported by probing with Qdot-streptavidin 
conjugates (Fig. 1B) that provided higher resolution and sensitiv-
ity. Q dots are too large to penetrate the cell, therefore, nuclei 
were isolated by hypotonic lysis in 0.5% KCl in the absence of 
detergents to preserve integrity of the outer nuclear membrane 
and ER. An moi of 0.5 pfu/cell was used to reduce the DNA 
background. The increased sensitivity and higher resolution 
of this procedure revealed SV40 replication foci in the nucleus 
at 20 h post infection and assembly foci at 55 h (Fig. 1B). We 
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seen in mock-infected cells (Fig. 3C), confirming that they were 
induced by the infecting virus.

In contrast to these results, no changes in lamin levels were 
observed during infections of proliferating CV1 cells (Fig. S2). 
We conclude that the changes in lamin proteins are specific to 
lamins A and C and to SV40 infection of G

1
-arrested, quiescent 

cells. In subsequent studies we have exclusively used quiescent 
cells.

Fluctuations in lamin A/C levels correlate with changes 
in nuclear morphology. Examination of nuclear structure by 
immunofluorescence with antibodies to lamins and nucleoporins 
revealed dramatic changes in nuclear shape during the first 8 h 
of infection. As early as 2 h post adsorption, the nucleus became 
misshapen with one or more areas of indentation or folding of 
the nuclear envelope (Fig. 4A). Examination of reconstructed 
Z-stack images showed that the folds were comprised of small 
invaginations (Fig. S3). Staining for lamin A/C, lamin B1 and 
lamin B2 were consistently similar, following the same contours 
of deformation (Fig. S4A). As an additional marker for the NE, 

reduction in lamin A was observed with 4 antibodies, 2 mono-
clonal and 2 polyclonal (Fig. 3A). Similar results were obtained 
in experiments with additional antibodies, one monoclonal and 
one polyclonal (not shown).

The fluctuations in protein level were specific to lamins A and 
C and were not observed for lamin B1, lamin B2 and emerin 
(Fig. 3B). Interestingly, the most dramatic decrease in lamin 
A/C levels was detected by a monoclonal antibody (antibody 
346—against an unknown epitope) during the first 10 h fol-
lowing virus adsorption (Fig. 3B). The epitope detected by this 
antibody was reduced at 2 h, returned to a normal level at 4 h, 
completely disappeared at 6 h (just prior to nuclear entry of the 
SV40 DNA) and reappeared at 8 h. These results suggested that 
in addition to fluctuations in the protein level, detected by the 2 
polyclonal and one monoclonal antibodies (Fig. 3A), the virus 
altered the post-translational modification of lamins A and C. 
Further experiments (see below) demonstrated that antibody 346 
detects phosphorylation of a specific, as yet unidentified, epit-
ope. These changes in lamin A/C level or modification were not 

Figure 1. The nuclear envelope is a barrier to SV40 infection. (A) CV1 infected cells (moi 2) were fixed and hybridized with a dUTP-biotin labeled probe 
at the designated time after infection. FISH detection was performed with avidin conjugated to FITC and viewed by fluorescence microscopy.  
(B) Nuclei were isolated from cells infected at moi 0.5, the dUTP-biotin labeled SV40 probe was detected with streptavidin-conjugated Qdot 565 and 
viewed by fluorescence microscopy. Each experiment was repeated twice. No hybridization of labeled probe was detected in mock-infected cells. The 
images were adjusted using Adobe Photoshop CS2, increasing brightness by 15%. (C) Logarithmic (at 40–60% confluence, dashed line) and quiescent 
(at 100% confluence, solid line) cultures of CV1 cells were infected at several moi’s. The cells were harvested 48 h later, fixed, stained for T-ag and ana-
lyzed by FACS for the percent of T-ag positive cells. The graphs represent averages of 4 experiments and the error bars represent standard deviation. 
(D) HEK-293 cells with ectopically expressed Lamin A-GFP were treated with lamin-specific shRNA, as designated. The protein gel blot shows the de-
gree of silencing of both ectopic and endogenous lamin A [antibody 323, RD Goldman]. (E) HEK-293 cells (lane 5) and cells with ectopically expressed 
lamin A-GFP (lanes 1–4) were infected with SV40 (lane 2–5). Infections were performed following treatment with lamin A/C shRNA (lane 4) or with 
scrambled shRNA (lane 3). After 24 h, total extracts were analyzed by protein gel blotting for T-ag expression. The experiment was repeated twice.
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alterations in NE structure, specifically changes in lamin A/C lev-
els and/or modification, which lead to deformation of the nucleus.

Lamin transcription following infection. The fluctuations 
in lamin A/C levels (Fig. 3) suggested that SV40 infection also 
induced transcription of LMNA. Indeed, lamin A/C mRNA 
increased ~3 fold at 6 h, and then decreased to 1/6 of the level of 
mock-infected cells at 9 h (Fig. S5). Over the same 9 h following 
infection, the levels of lamin B1 and lamin B2 mRNA remained 
unchanged, similar to their levels in mock-infected cells.

Fluctuations in lamin A/C levels are dependent on caspase-6 
activity. The release of lamin A/C from the NE to the cytoplasm 
has been described as a part of apoptosis and lamin A/C are known 
substrates of caspase-6.21,22 We have previously found that caspase-6 
is activated by the infecting SV40 and remains active during the 
first 8 h of infection.11 We have also demonstrated that caspase-6 
activity is required for SV40 infection to proceed since inhibition of 
caspase-6 for 1 h before infection blocks T-ag production.11 In order 
to determine if caspase-6 cleavage of lamin A/C is involved in the 
nuclear deformation of infected cells, we immunoblotted cell lysates 
to detect cleaved lamins during the first hours of infection. Indeed, 
we detected caspase-6 cleavage of lamin A/C, albeit at a very low 
level, between 6 and 10 h post infection (Fig. S6).

In light of these findings, we next asked if caspase-6 was 
involved in the fluctuations in lamin A/C levels described above. 
Addition of a caspase-6 specific inhibitor (Ac-VEID-CHO), or 
the pan-caspase inhibitor Z-VAD-FMK, eliminated the changes 
in the levels of the lamin epitope detected by antibody 346 (Fig. 
6A). Furthermore, NE deformation was abolished by inhibitors 
of caspase-6 and -10 (during SV40 infection caspase-10 activates 
caspase-6 11) and by a pan-caspase inhibitor, as seen in the images 
of representative cells (Fig. 6B) and by the significant reduction 
in the number of deformed cells (Fig. 6C). A similar reduction 
in the number of deformed cells was obtained with an additional 
caspase-6 inhibitor, sc-3081 (not shown). Control experiment 
demonstrated that caspase-6 inhibitor (sc-3081) inhibited lamin 
A/C cleavage. These results indicate that changes in the lamin 
epitope recognized by antibody 346 require a previous caspase-6 
dependent event, possibly cleavage of a fraction of lamin A/C. 
Furthermore, they suggest that the NE deformations during 
infection are caused by alterations of the lamin A/C networks.

Mechanism of deformation of the nuclear envelope. Since 
only a small fraction of lamin A/C was cleaved by caspase-6, 
we hypothesized that other changes to the lamina or NE are 
required for the dramatic NE deformations seen after infection. 
Lamins are phosphorylated at multiple sites and phosphorylation 
at Ser22 and Ser392 23 is required for their disassembly during 
mitotic prophase.24 Based upon these findings, we carried out a 
series of experiments to determine if altered lamin phosphoryla-
tion played a role in NE deformation during SV40 infection.

As mentioned above, we predicted that the fluctuations in lamin 
A detected with antibody 346 reflect changes in post-translational 
modification. To determine if this epitope was phosphorylated, we 
treated lysates of infected CV1 cells with Calf Intestinal Alkaline 
Phosphatase, CIAP (Fig. 7A). Indeed, the antibody 346 signal 
was partially decreased by CIAP treatment, suggesting that the 
antibody detected a phosphorylated epitope. Phosphorylation of 

and to eliminate the possibility that the deformations were driven 
by depletion or migration of NPCs, we localized NPCs with 
MAb414, which detects a family of O-glycosylated nucleopo-
rins. NPCs followed the same pattern as the lamins at the peak 
of nuclear deformation (Fig. 5B and C). The extent of nuclear 
deformation peaked at 6 h post infection in parallel with the dis-
appearance of the lamin A/C epitope detected by antibody 346 
(Fig. 3A and B). In many experiments, the nuclei also appeared 
larger during the first hours of infection, which may be due to 
flattening of the nuclei.

To evaluate the extent and specificity of these observations, we 
counted the number of cells with deformed nuclei in five inde-
pendent infection experiments. Of a total of 2,530 cells scored 
at 6 h post infection, 2,194 (86.7%) showed NE deformation as 
detected by antibodies to lamin A/C. Detection of lamin A/C 
with the monoclonal antibody Jol2 or the lamin A alone with 
the polyclonal antibody 323 showed similar percentages of cells 
with NE deformation. In comparison, in the mock infected cells, 
only 9.3% of the cells (173 of 1,853 cells scored) showed NE 
deformation (Fig. 4B). In these experiments, 97% (965 of 998 
cells scored) were positive for T-ag expression, suggesting that 
not every infected cell underwent NE deformation or that the 
changes in some cells were too subtle to detect. Alternatively, it 
is possible that the infection process was not absolutely synchro-
nized and that the transient deformations occurred in different 
cells at different times.

We also detected an accumulation of lamin A/C in the cyto-
plasm with several antibodies to lamin A/C (polyclonal antibody 
sc-26081 shown in Fig. 4C) at 6 h post adsorption. These findings 
were supported by cell fractionation experiments (Fig. 4D). No 
increase of lamin A/C in the soluble fraction was observed in mock 
infected cells. At 8 h no cytoplasmic lamin A/C was observed 
(not shown). These results suggest that SV40 infection induces 

Figure 2. Timing nuclear entry of the SV40 genome. Nuclei of SV40-
infected COS-1 cells (at a moi 50) were collected at the indicated time 
points after infection. The cells were washed and nuclei were isolated 
as described in Materials and Methods. The nuclear pellet was soni-
cated and the amount of SV40 DNA was determined by quantitative 
real-time PCR with SV40-specific primers. SV40 DNA served as a known 
standard for quantification.
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infection.12 This block to SV40 infection could occur at several 
levels: at the cell membrane, in transport to the ER, at minichro-
mosome entry into the nucleus and at the initiation of T-antigen 
transcription. In the present study we found that the NE is a 
major barrier to infection: the majority of the viral DNA mol-
ecules that enter the cell do not enter the nucleus and seem to be 
retained in the ER. Furthermore, proliferating cultures, in which 
some of the cells are undergoing mitosis at any given time during 

the epitope was confirmed by applying CIAP treatment to prepa-
rations of intermediate filaments, which are enriched for lamins. 
As seen in Figure 7B, detection of lamin A by antibody 346 signal 
was completely eliminated by phosphatase treatment.

Our previous study in reference 11, showed that SV40 infec-
tion elicits a complex signaling network, including the activation 
of Akt-1 starting at 1 h post infection. Since Akt-1 is known to 
phosphorylate lamin A/C, we tested if an Akt-1 inhibitor could 
affect the epitope detected by antibody 346. As seen in Figure 
7A and B, inhibition of Akt-1 had a minimal effect, if any, on 
detection of the specific epitope. We next tested if Akt-1 phos-
phorylation of lamin A/C on serine 404,25 was modulated during 
infection, using monoclonal antibody against S404 phosphory-
lated lamin A/C. Using this antibody, we did not detect any 
changes in S404 phosphorylation during the first 8 h of infec-
tion (Fig. S7A), indicating that lamin A phosphorylation is not 
directly affected by Akt-1. We concluded that Akt-1 activation 
in SV40 infection does not function directly in NE deforma-
tions. Supporting evidence was provided by repeated experiments 
that showed that addition of Akt-1 inhibitor had a minimal and 
inconsistent effect in reducing nuclear deformations.

The signaling network elicited by SV40 infection is robustly 
balanced, leading neither to apoptosis nor to proliferation.11 
Nevertheless, we considered the possibility that the changes in 
lamin A/C levels during infection could represent the initiation 
of mitotic signaling and partial NE disruption. The NE disas-
sembles during mitotic prophase removing the diffusion barrier 
between the cytoplasm and the nucleus. We applied AlexaFluor 
488-labeled BSA to digitonin permeabilized cells to investigate if 
NE permeability increased during infection. The BSA was seen 
as aggregates excluded from the nuclei of both mock-infected 
cells and virus-infected cells (Fig. S7B). These results indicate 
that SV40 does not confer general permeability to the nuclear 
membrane as might be expected if there were a partial disruption 
of the NE diffusion barrier.

The VP1 pentamer is sufficient to induce the signals lead-
ing to fluctuations in lamin A/C levels. As the changes in lamin 
A/C levels occurred in the first hours post-infection, prior to 
nuclear entry of the viral genome at 8 h and the beginning of 
viral gene expression, we postulated that they were triggered by 
the viral capsid. The outer shell of the SV40 capsid is composed 
of a single protein, VP1. Recombinant VP1 produced in insect 
cell assembles spontaneously into Virus Like Particles (VLPs). 
As seen in Figure 8, treatment of CV1 cells with VLPs led to 
dephosphorylation of the 346 espitope that was very similar both 
in timing and in intensity to that induced by the wild type virus 
(Fig. 8). Furthermore, similar fluctuations were also induced by 
VP1ΔC, a mutant VP1 with a deletion (in the carboxy-terminal 
arm) that abrogates capsid assembly.26,27 It appears that the VP1 
pentamer is sufficient to induce the signals leading to fluctuations 
in lamin A/C levels during SV40 infection.

Discussion

SV40 infection of permissive primate cells is quite inefficient, 
with fewer than 1% of virus particles leading to productive 

Figure 3. Dynamic fluctuations of lamin A/C level following SV40 infec-
tion. Total cell extracts of infected quiescent CV1 cells, infected at a moi 
of 10 were analyzed by protein gel blotting. (A) Lamin A/C was analyzed 
by protein gel blotting and detected with four different antibodies, 
as designated. Intensity of the bands was quantified by densitometry 
using Kodak Molecular Imaging software and normalized according 
to intensity of the lamin B1 signal in each lane. Each line in the graph 
represents an average of at least three experiments. (B) Protein gel 
detection was performed with the following antibodies: monoclonal 
lamin A/C (346), lamin B1 (M-20), lamin B2 and emerin. Lamin B1 and 
emerin were detected on the same membrane as lamin A/C. (C) Mock 
infected cells treated in parallel to the infection. As mammalian lamins 
A and C are derived from a single gene (LMNA) by alternative splicing,46 
many antibodies recognize both isoforms.
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infection by ~2 fold, while shRNA silencing of lamin A/C 
increased the infection by ~7 fold. Our data strongly sup-
port a model in which the NE, and in particular lamin 
A/C, plays a major role in obstructing nuclear entry of 
the SV40 minichromosome. This finding challenges the 
previously accepted model that the SV40 genome enters 
the nucleus via the NPC as a karyopherin cargo.28

Our experimental results identified changes to the NE 
that began shortly after virus entry to the cell and contin-
ued through nuclear entry of the viral minichromosome 
at 8 h post infection. The most obvious of these changes 
were deformations in the NE including folds and invagi-
nations of the NE into the nuclear interior. These altera-
tions in NE structure were accompanied by fluctuations 
in lamin A/C protein amounts and alterations in specific 
lamin antibody epitopes. The deformations of the NE 
and fluctuations in lamin protein levels were abrogated 
by caspase inhibitors, suggesting that cleavage of a small 
fraction of lamin A/C or other proteins was required for 
these changes to occur. Along with the changes in lamin 
levels, we also observed a transient accumulation of lamin 
A in the cytoplasm at 6 h post infection. The appearance 
of lamin A in the cytoplasm was coincident with both 
increased transcription of the lamin A/C gene and cas-
pase cleavage of lamin. Therefore, we cannot differentiate 
between release of lamins from the lamina and leakage to 
the cytoplasm or accumulation of newly translated lamin 
in the cytoplasm.

The climax of the NE changes is at 6–8 h, just prior 
and during nuclear entry of the viral genome at around 
8 h. This temporal correlation implicates alterations in 
the NE in nuclear entry of the viral genome, suggesting a 
model of direct minichromosome transport from the ER 
to the nucleus. Notably, our results indicate that the NE 
deformations and fluctuations in lamin A/C levels are 
triggered by the infecting virus. Since we did not observe 
such changes during infection of proliferating cells, we 
propose that they are specifically induced by the virus to 
facilitate its entry into quiescent cells. The temporal cor-
relation of the NE changes with nuclear entry of the viral 
DNA supports this model. Viral DNA entry into the 
nucleus is unlikely to occur via general disruption of the 
NE permeability barrier, since we did not find increased 
permeability of the NE to BSA following infection. Note 
that in nature the in vivo habitat of SV40 and some of the 
other polyomaviruses is the kidney and brain, where the 
cells are non-proliferating. Furthermore, SV40 infection 
does not induce cell division.11 Similar alterations to the 
NE upon genome entry into the nucleus have not been 
reported for any other virus, and may be unique to SV40 
and probably other polyomaviruses.

Daniels et al. have proposed that the SV40 genome 
exits from the ER lumen via a pore formed in the ER 

membrane by oligomers of VP3, and perhaps also VP2. VP3 pore 
formation appears to require capsid disassembly, as it was found 
to be negatively controlled by VP1.29 Similarly, Rainey-Barger et 

the long cell entry period, are infected at a 3 fold higher rate 
than quiescent cells. In addition, the experiments with HEK-293 
cells demonstrated that ectopic expression of lamin A decreased 

Figure 4. Fluctuations in lamin A/C levels studied by immunofluorescence.  
(A) Confocal microscopy images of CV1 cells at 2, 4 and 6 or 9 h following SV40 
infection. The cells were fixed and stained with monoclonal lamin A/C antibody 
(Jol2). Cross section images were taken with a confocal Carl Zeiss Laser Scan-
ning Systems LSM 510, magnification X60, zoom 2. (B) Frequency of cells with 
deformed nuclei. Cells were scored, double-blind, in 5 different experiments. In 
two experiments the cells were stained with the lamin A/C monoclonal antibody 
Jol2 and in the other three with the polyclonal antibody 266. Statistical analysis 
using the 1-tailed t-test indicated that the number of cells with deformed nuclei 
in the infected cell at 2, 4, 6 and 9 h was significant at p ≤ 0.05. (C) Lamin A/C 
detected in the cytoplasm following SV40 infection. Infected cells were fixed and 
stained with polyclonal lamin A/C (sc-26081). To enhance the fluorescence signal, 
both images were adjusted together, increasing brightness by 60% and contrast 
by 20% using Adobe Photoshop CS2. (D) Cytosolic fractions of CV1 infected 
cells from three different experiments were analyzed by protein gel blotting 
and detected with several lamin A/C antibodies. The graph presents average of 
three experiments and standard errors of lamin A/C detected by the polyclonal 
antibody 266. Total lamin A/C and cytosolic lamin A/C are shown as percent of 
the level of total lamin A/C in mock infected cells.
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disruption of the NE has also been suggested as a requirement 
for the nuclear entry for the parvovirus Minute virus of mice.38

The requirement for caspase activity is intriguing. Activation 
of caspases, as part of the apoptotic pathway, is a frequent cell 
defense mechanism against infecting pathogens.39 Individual 
cells commonly respond to pathogen infection by apoptosis, an 
“altruistic” measure to facilitate protection of the organism from 
spread of the infection. However the activation of caspase-10 and 
6 during SV40 cell entry appears to play a completely different 
role, facilitating the viral infection by promoting nuclear entry of 

al. demonstrated that polyomavirus VP2 can integrate 
into and perforate the ER membrane. Accordingly, 
VP2 and/or VP3 viroporins could allow exit of the 
viral genome from the ER into the cytoplasm or 
directly into the nucleus, bypassing the cytoplasm. In 
another study (Kopatz et al., manuscript in prepara-
tion) we have found that the viral DNA is hardly ever 
present in the cytoplasm of infected cells. In fact, most 
of the viral DNA, as well as VP2 and VP3 were asso-
ciated with membrane fractions throughout the entry 
period. All these findings taken together support a 
model whereby the SV40 genome enters the nucleus 
directly from the ER, bypassing the cytoplasm. We 
suggest that the NE deformations reported here reflect 
the mechanism of this unusual mode of transport.

To date, no mechanisms for viral entry into the 
nucleus have been described that suggest destabiliza-
tion of the NE as a required component. However, 
both herpes simplex virus type 1,31 type 2,32 and human 
cytomegalovirus33 induce local phosphorylation of the 
lamins and lamina-associated proteins and structural 
changes in the lamina as part of the mechanism of 
viral capsid egress from the nucleus. In addition, the 
human immunodeficiency virus-1 VPR protein has 
been suggested to cause transient breaks in the NE of 
G

2
 phase cells leading to a G

2
 arrest in infected cells.34 

In this study, we found that NE deformations during 
SV40 infection correlate with dephosphorylation of a 
specific epitope in lamin A/C. While we were unable 
to identify the specific epitope involved, it is likely that 
this epitope is involved in potential structural changes 
in the lamina that lead to alterations in NE structure.

We have previously reported that SV40 infection 
triggers activation of pro-apoptotic signaling, which 
is arrested by a survival pathway.11 In this context 
we found that SV40 activates caspase-3 and cas-
pase-10, which in turn activates caspase-6, by an as yet 
unknown mechanism.11 It has been shown that lamin 
A is the nuclear target for caspase-6,21 and that its 
cleavage by caspase-6 is essential for the chromosomal 
DNA to undergo complete condensation during apop-
totic execution.22 We have shown by inhibitors that 
caspase-3, known to cleave lamin associated proteins 
Lap2alpha,35 NuMA36 and Nup153,37 is not required 
for the infection. On the other hand inhibition of 
capase-10 and -6 abolished T-ag expression. Here we 
demonstrate that nuclear deformations during SV40 infection, as 
well as dephosphorylation of the antibody 346 epitope, are cas-
pase-6 dependent. These findings strongly suggest that the two 
events are linked and are associated with productive infection. 
The timing of these events implies that they facilitate nuclear 
entry of the viral genome. Our experiments show that only a 
small fraction of lamin A is cleaved by caspase-6. It is possible 
that lamin cleavage is not the direct cause of NE deformation, 
since other proteins required for NE structure could be caspase-6 
targets. Caspase 3-dependent cleavage of lamins and transient 

Figure 5. Deformation of the nuclear envelope. Images of CV1 cells taken at 6 h post 
infection. Top parts: Mock infected cells. Bottom parts: SV40 infected cells.  
(A) Lamin A/C (red) was detected with mouse monoclonal antibody (Jol2); lamin B1 
(green) with a lamin B1 specific polyclonal antibody. In the mock part, contrast was 
increased in the red and green channels by 20%, using ZEN 2009 light edition.  
(B) Lamin A/C (green) detected with mouse monoclonal antibody (Jol2); NPC (red) 
with mouse monoclonal antibody clone 414. In the mock part contrast was  
increased in the green channel by 25% and in the red channel contrast was in-
creased by 15% and brightness was decreased by 5% (C) Lamin B1 (green); NPC (red). 
In the mock part contrast was increased by 25% in the green channel and in the red 
channel contrast was decreased by 6% and brightness decreased by 3%. In the SV40 
infected part, the contrast of the blue channel was increased by 38% and the bright-
ness decreased by 3% and the red channel contrast was increased by 20%. Images 
were taken by Carl Zeiss Laser Scanning Systems LSM 510, magnification 4.
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the viral genome. Nevertheless, the mechanism 
is rather inefficient and the NE remains a hurdle 
to SV40 infection. It appears that the virus com-
pensates for the inefficiency of nuclear entry by 
robust DNA replication, yielding thousands of 
progeny from every infected cell.

Polyomaviruses have been found to share 
an unusual cell binding and entry route. The 
remarkable similarity to SV40 of BK and JC, and 
the homology of MCPyV, suggests that nuclear 
entry of their genomes will follow a mechanism 
that is similar to the one investigated here. This 
unique nuclear entry pathway may provide a spe-
cific target for drug therapy, for example by inhi-
bition of caspase activity, found to be required 
for productive infection of SV40.

Materials and Methods

Cell line and culture conditions. African 
Green Monkey CV1 cells (ATCC #CCL-70) 
and human embryonic kidney cells HEK-293 
(ATCC #CRL-1573) were obtained from the 
American Type Culture Collection. COS-1 are 
a CV1 derivative with constitutive expression of 
SV40 T-ag.19 COS-1 cells were obtained from 
Y. Gluzman. CV1-PD is a derivative of CV1, 
obtained from J. Mertz. HEK-293 stably express-
ing GFP-lamin were prepared by transfection of 
HEK-293 cells with pEGFP-lamin A and selec-
tion for stable clones. Mammalian cells were 
cultured in high glucose Dulbecco’s modified 
Eagle’s medium containing glutamine, penicil-
lin, streptomycin and 10% FBS. CV1 cells grow 
as monolayers and are contact inhibited at con-
fluence. Spodoptera frugiperda (Sf9) cells (ATCC 
#CRL-1711) were grown at 27°C in serum-free 
Bio-insect medium containing glutamine, peni-
cillin, streptomycin and amphotericin.

Figure 6. Caspase-6 is required for the fluctuations 
in laminA/C levels. (A) Infection was performed in 
the absence of inhibitors (top part), following the 
addition of caspase-6 inhibitor Ac-VEID-CHO (middle 
part) or pan-caspase inhibitor Z-VAD-FMK (bottom 
part). Total cell extracts were harvested at different 
time points and analyzed by protein gel blotting 
with lamin A/C monoclonal antibody clone 346. (B) 
CV1 cells were grown on cover slips and treated for 1 
h with a caspase inhibitor immediately prior to SV40 
infection. Z-VAD-FMK, a pan-caspase inhibitor was 
applied at a concentration of 70 μM; caspase-6—20 
μM Ac-VEID-CHO; caspase-10—5 μM Z-AEVD-FMK. 
At the designated time the cells were fixed and 
stained with polyclonal lamin A/C antibody. Images 
were taken with confocal Carl Zeiss Laser Scanning 
Systems LSM 510, magnification X100, zoom 2. (C) 
The histogram presents the percent of cells with 
deformed nuclei with each inhibitor.
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SV40 stocks are infectious,12 2 x 108 SV40 virions contain 1 x 106 
infectious particles, or moi 10 when applied to 105 cells.

Confluent CV1 monolayers were washed twice with PBS. 
To synchronize the infection, the virus or VLPs were allowed to 
adsorb to the cells for 40 min at 4°C on a gyratory shaker at 20 
rpm. Non-adsorbed virus or VLPs were washed twice with SFM, 
followed by addition of DMEM + 10% FCS and the cells were 

Antibodies. The following antibodies were purchased 
from Santa Cruz: SV40 T-antigen, monoclonal; monoclo-
nal lamin A/C clone 346 (sc-7293); polyclonal lamin A/C 
(sc-26081); polyclonal lamin B1 (M-20); polyclonal emerin. 
The polyclonal antibodies lamin A/C 266 and lamin A 323, 
lamin A/C mouse monoclonal and lamin B1/B2 mouse 
monoclonal are from RD Goldman’s collection; Lamin B1/
B2 polyclonal was kindly provided by R. Moir. Monoclonal 
lamin A/C antibody Jol2 is from ABCAM. Mouse monoclo-
nal antibody against the NPC (MAb414) is from ABCAM. 
The antibody against Lamin A/C phosphorylated at Ser 
404 was a gift from S. Marmiroli. For immunofluorescence 
staining and microscopy we used Alexa fluor 488 and Alexa 
fluor 648 secondary antibodies purchased from Invitrogen.

SV40 production and purification. SV40 was propa-
gated on CV1-PD cells. Cells were harvested on the 5th day 
post-infection by the di-detergent method.40 Triton X-100 
and deoxycholate were added to the culture medium to final 
concentrations of 1% and 0.5%, respectively. The cell sus-
pension was centrifuged at 9,500 rpm (10,000x g) for 30 
min at 4°C to remove cell debris. The virus was sedimented 
by centrifugation at 80,000x g for 4 h at 4°C. The virus 
pellet was resuspended in PBS overnight at 4°C, sonicated 
and centrifuged to clarify the virus suspension. Titration 
was performed by scoring for replication centers in CV1-PD 
cells infected at different dilutions. Replication centers were 
scored two days post infection, at the peak of viral DNA rep-
lication, by in situ hybridization with SV40 DNA labeled with 
[α-32P]dCTP.

Production and purification of VLPs and VP1ΔC. 
Recombinant baculovirus expressing VP1 (Swiss-Prot P03087, 
PDB 1SVA) from the polyhedrin promoter were used for pro-
duction of VLPs as previously described in reference 41. The 
VLPs were harvested from the medium of baculovirus-infected 
Sf9 cells. At 5 d post infection, cells were lysed and intact cells 
and cell debris were removed by centrifugation at 6,000x g for 
10 min. The supernatant was further clarified at 17,000x g for 
20 min. VLPs were pelleted at 80,000x g for 3 h. The VLP pel-
let was suspended in 0.5 M NaCl, purified by ultrafiltration and 
stored at -20°. VP1ΔC was purified as previously described in 
reference 26.

SV40, VLP and VP1ΔC infection experiments. SV40 at a 
moi of 10, or as designated in the particular experiment, was 
added in a small volume of serum-free medium to confluent CV1 
monolayers11 grown in 10 cm diameter tissue-culture dishes. Viral 
adsorption was performed at 4°C, in the absence of serum, in 
order to synchronize the infection, which started with the addi-
tion of serum-containing medium and transfer to 37°C. Mock-
infected cells were similarly treated, including cold incubation in 
the absence of serum, but without virus. Independent infection 
experiments were performed using different virus batches.

Alternatively, 5 ng VLPs or 5 ng VP1ΔC were added per 105 
cells in 12-well plates, approximately equivalent to a moi of 10 
capsids per cell. Molecular weight of a VP1 capsid is ~15 MDa, 
thus 5 ng represent ~2 x 108 capsids; as ~1 in 200 particles in 

Figure 7. Dephosphorylation of lamin A/C following SV40 infection. (A) 
CV1 cells were infected at a moi of 10. Akt1 inhibitor (Akt1/2 kinase inhibi-
tor, Sigma, A6730) was added as designated, to 58 nM, a concentration that 
inhibits only Akt1 and not Akt2 or 3. The inhibitor was added at 1 h prior 
to the infection, and was re-added after the adsorption period, thus it was 
present throughout the experiment. Total cell lysates were prepared at 6 and 
9 h post infection. Each lysate was divided into 2 aliquots, one treated with 
CIAP (right) and one served as untreated control (left). CIAP concentration in 
the reaction was 10 units/μl. The antibodies used for detection are shown on 
the left. (B) The experiment was performed as in (A). Cells were harvested at 6 
h post infection, IF were prepared and analyzed by protein gel blotting with 
monoclonal anti-lamin A/C antibody 346. The lower signal in presence of the 
Akt-1 inhibitor may be due to different lamin A recovery in the different IF 
preparations.

Figure 8. VLPs and VP1ΔC induce fluctuations in lamin A/C levels. (A) 
G1-arrested CV1 cells were infected with SV40 at a moi of 10 or treated 
with 5 ng of either VLPs or VP1ΔC per 105 cells. Lamin A/C was detected 
with monoclonal lamin A/C antibody 346. (B) Densitometry analysis was 
performed with Tina 2.09 software. The level of lamin A/C was normal-
ized to the level of lamin B1 that was detected on the same membrane.
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were isolated from CV1 cells infected at a moi of 0.5 by treat-
ment with hypotonic buffer (0.5% KCl) for 15 min. The nuclei 
were fixed with methanol:acetic acid (3:1) with three repeats and 
dropped on a slide.

The probe for both experiments was pUC19-SV40 that con-
tains the complete SV40 DNA (total size 8.3 kDa). The probe 
was labeled with dUTP-biotin using DNA polymerase I (5 u per 
reaction) following pretreatment with DNAse I, 1 ng/μl. The 
labeling procedure was performed at 15°C for 30 min. Labeled 
probe was separated from unincorporated nucleotide by ethanol 
precipitation. Hybridization was performed as follows: denatur-
ation in 70% formamide and 2x SSC for 2 min at 72°C, sequential 
dehydration in ice-cold ethanol 70%, 90% and 100%, for 5 min 
each, followed by hybridization with the probe for 16 h (ON) at 
37°C. The probe was detected by incubation with Avidin-FITC 
for 30–45 min at 37°, or with streptavidin-conjugated Qdot 565 
with excitation at 488 nm (Invitrogen). The detection reaction 
was carried out for 45 min at 37°C.

DNA determination by real-time PCR. The quantitative 
PCR reaction was performed in LightCycler 2.1 instrument 
(Roche) in 20 μl reactions, as previously described in reference 
44. The primers span the SV40 PolyA region:

5'-ACA TTG ATG AGT TTG GAC AAA CCA C-3' (SV40 
coordinates 2,533 to 2,577) and 5'-CCC CTG AAC CTG AAA 
CAT AAA ATG-3' (SV40 coordinates 2,710 to 2,687).

RNA determination by quantitative RT-PCR. CV1 
cells were infected with SV40 at a moi of 10. Total RNA was 
extracted using Trizol reagent (Applied Biosystems) and sub-
jected to DNAse I treatment (3 u/reaction) followed by addi-
tional Trizol precipitation. RT-PCR reaction was done using 
SuperSkript VILO cDNA Synthesis kit (Invitrogen). For quan-
titative RT-PCR reaction we used Qiagen QuantiFast Multiplex 
RT-PCR Kit. The primers for lamin A/C, lamin B1, lamin B2 
and GAPDH (QuantiTect Primer Assays kits) were obtained 
from Qiagen. The data was analyzed as described in Schefe et al. 
including multiple runs.

FACS analysis of the percent of T-ag expressing cells. We 
followed the experimental protocols previously described in ref-
erence 13. Briefly, cells were collected by trypsinization, washed 
and re-suspended in 100% methanol by drop-wise addition to 
the cell pellet while vortexing. The cells were fixed at -20°C 
and re-hydrated in cold PBS. Next, the cells were stained for 
T-ag (Pab 101, mouse monoclonal, Santa Cruz) followed by 
AlexaFluor 488 goat anti-mouse (A11001, Invitrogen) secondary 
antibody. Fluorescence was measured using the FL-1 sensor of a 
BD FACScanTM.

Silencing experimental procedure. HEK-293 cells stably 
expressing GFP-lamin A were electroporated (220 V 960 mF) 
with plasmids (20 μg DNA for 105 cells) encoding lamin A/C 
shRNA or scrambled sequence shRNA.15 Expression of the 
endogenous and GFP-lamin A was followed for 5 d. On the fifth 
day, the cells were infected with SV40 at an moi of 10. T-ag level 
was assayed 24 h later by protein gel blotting as described above.
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transferred to 37°C until harvest. This point was considered as 
0 time.

Inhibition studies. The following caspase inhibitors were 
from Alexis: Pan-caspase inhibitor Z-VAD-FMK; caspase-6 
inhibitor Ac-VEID-CHO; caspase-10 inhibitor Z-AEVD-FMK. 
Caspase-6 inhibitor sc-3081 was from Santa Cruz Biotechnology. 
The inhibitors were used at non-toxic levels, as determined by 
preliminary assays. The inhibitors were added to the cells 1 h 
before adsorption of virus. Infection was carried out as described 
below.

Protein analyses. Total cell lysates were prepared by lysis in a 
solution containing 0.6% SDS, 10 mM Tris pH-7.4 and boiling 
for 10 min. Samples containing 20 μg protein were loaded on 
each lane. PAGE and protein gel blot analyses were performed 
using NuPAGE 4–12% Bis-Tris-Gel (Invitrogen), transferred to 
Immobilon (Millipore) and detected with appropriate antibodies.

Fractionation. Cells were treated with hypotonic buffer: 10 
mM HEPES-K+ at pH 7.9, 10 mM KCl, 1.5 mM MgCl

2
, 0.5 mM 

DTT, 0.2 mM PMSF and 1x protease inhibitor cocktail (Roche). 
Cytoplasmic and nuclear fractions were separated by centrifu-
gation following treatment with 0.5% NP-40. Nuclear extracts 
were prepared as previously described in reference 41.

Intermediate filament preparation. Intermediate filaments 
(IF) were prepared as previously described in reference 42. Briefly, 
cells were lysed with IF extraction buffer containing 0.5 M NaCl, 
100 mM Hepes, pH 7.4, 60 mM Pipes, 1.0% Triton X-100 and 
Complete-EDTA free protease inhibitors, 1 tablet/10 ml buffer. 
After 5 min, cells were collected and homogenized, and DNaseI 
(3 units/μl) was then added to the solution. IF-enriched cyto-
skeletons were then pelleted by centrifugation (3,210 g; Beckman 
Allegra 5R centrifuge) and washed three times with the IF extrac-
tion buffer. The final pellet was sonicated into Laemmli buffer43 
and 5–10 μg of protein from each time point was loaded per lane 
and analyzed by SDS-PAGE and immunoblotting.

Dephosphorylation experiments. Cells were harvested after 
6 h of infection. Total cell lysates or IF extracts were prepared 
as described above. An aliquot of each sample was treated for 
30 min with 10 units of Calf Intestinal Alkaline Phosphatase 
(Sigma) and another aliquot was mock-treated in parallel. The 
samples of 10 μg/lane were then resolved by SDS-PAGE.

Immunostaining. Confluent CV1 cells, grown on cover 
slips and infected with SV40 were fixed in 4% formaldehyde for 
15 min at RT or with 100% methanol for 7 min at -20°, and 
permeabilized by treatment with 0.5% Triton X-100 for 3 min  
3 times sequentially. The cells were incubated with the appropri-
ate antibody for 45–60 min at 25°C (RT). Staining with second-
ary antibody conjugated to Alexa fluor 488 or Alexa fluor 648 
(Invitrogen) was carried out for 1 h at RT. Images were obtained 
using either a Carl Zeiss Laser Scanning Systems LSM 510, or 
Olympus confocal microscope. To ascertain that cross section 
images were collected on similar planes, Z-sectioning was per-
formed before images were taken. For planner images we used 
AxioVision LE (Zeiss).

FISH experiments. Cells grown on cover slips were infected 
with SV40 at moi 2. At the time of harvest the cells were fixed 
with 4% formaldehyde for 20 min at RT. Alternatively nuclei 
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Note

Supplemental materials can be found at:
www.landesbioscience.com/journals/nucleus/article/16371
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